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1.0 SUMMARY 

The results of a research program conducted over the period beginning June 
1965 to August 1967 under Contract NAS 1-5251 are presented in this final report. 

The overall scope of the program was to study effects of protons and ultraviolet 
radiation on the  specular and diffuse reflectances of stretch-formed aluminum, electro- 
formed nickel, and magnesium substrate solar concentrator surfaces. A limited number 
of electron radiation experiments was also performed. Spectral reflectances were 
measured over the wavelength region from 0.3 to 2,5 microns so that changes i n  the 
integrated reflectance for the solar spectrum could be calculated. Test samples, 
typical of the three types of solar concentrators, had reflective surfaces of either 
aluminum or aluminum overcoated with Si203 and Si02 films. 

In proton experiments, te t samples were irradiated with integrated fluxes 97 - 
varying from 1 x 1015 to 2 x 10 
and irradiation angles of incidence varying from 0 to 60 degrees from normal. In 
ultraviolet experiments, test samples were irradiated with exposures up to 9800 
equivalent space sun hours (ESSH). The effects of varying temperature over the 
range of -195O to 2OO0C were evaluated in both proton and ultraviolet experiments. 
Additional experiments performed in  the program included "in-situ" reflectance 
measurements i n  ultraviolet tests and combined radiation environment tests. 

protons - cm ', energies in  the range of 2 to 30 keV, 

It was found that the stretch-formed aluminum and magnesium substrate solar 
concentrator surfaces showed severe reticulation at temperatures in excess of 50° to 
80' C .  The most severe mechanism of radiation-induced degradation was found to be 
proton blistering. The amount of reflectance degradation produced by blistering was 
shown to be highly temperature dependent and is a function of the proximity of the 
stopped protons to the site at which hydrogen agglomeration occurs. When blistering 
did not occur, the reflectance degradation was not strongly temperature-dependent 
and exhibited a saturation effect at relatively low exposures. An interesting minor 
effect noted was the decrease in  diffuse reflectance of proton-irradiated silicon 
oxide overcoated surfaces. This was attributed to a smoothing or "ionic polishing" 
effect on the oxide surface. 

In-situ reflectance measurements, made on selected test samples before and 
after ultraviolet irradiation, showed that no significant annealing of radiation-induced 
degradation occurred when the surfaces irradiated i n  vacuum were returned to ambient 
pressure. It was however noted that the silicon-oxide overcoated surfaces exhibited 
a shift in  wavelength of interference maxima and minima during pumpdown, irradiation, 
and backfilling to ambient pressure. 

1 
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2.0 INTRODUCTION 6 

Over the past few years considerable effort has been expended on the 
development of solar radiation concentrators capable of operating i n  the space 
environment. These concentrators (mirrors) are being developed as a possible heat 
source for thermal -electrical conversion systems on spacecraft. A space-qualified 
solar mirror must be light i n  weight, structurally stable, geometrically accurate, 
and must possess high solar specular reflectance. This research effort has been involved 
with the latter of these requirements. The objectives of this program were to evaluate 
the combined and individual effects of ultraviolet radiation and protons on the 
specular and diffuse reflectance of various solar mirror coatings and substrates. 
Specifically, the dependence of reflectance changes on proton energy, proton angle 
of incidence, mirror temperature, integrated particle flux, and ultraviolet 
exposure are discussed. Results of combined proton/ultraviolet and electron 
radiation experiments are also presented. 

Although a great variety of materials has been used for fabricating solar 
mirrors, three of the most promising concepts were chosen for evaluation i n  this 
program: stretch-formed aluminum, electroformed nickel , and magnesium substrate 
mirrors., All of these mirrors employ multilayer coatings for the purposes of 
enhancement of solar specular reflectance, thermal control, bonding, and protec- 
tion of the metallic reflecting surfaces. Since it was anticipated that the  effects 
of ultraviolet radiation and protons would be somewhat dependent on the specific 
combination of coatinas used, several combinations of coatinas on the a l u m i n u m  
and nickel substrates were evaluated. Solar mirror test samples were prepared with 
bare vacuum-deposited aluminum, both thin and thick silicon oxide overcoatings, 
and thick fused silica overcoatings. 

Experiments i n  this program pertain primarily to solar mirrors; however, the 
results are somewhat useful for predicting radiation effects on other mirror surfaces 
in space. 

2 



'# 3.0 TEST SAMPLES 

Two basic types of solar mirror substrates were chosen for evaluation at the 
outset of the program: stretch-formed aluminum; and electroformed nickel . A 
magnesium substrate mirror was introduced later in the program. The overcoatings 
applied t o  these substrates were typical of those applied to actual solar mirrors 
for space application ., The processes and materials used for fabricating the first two 
types of mirrors have been described in  detail in References I and 2. A description 
of the  magnesium substrate mirror is given below. The epoxy-coated aluminum sub- 
strates were prepared by TAPCO"; the  electroformed nickel substrates were prepared 
by Spectrolab Inc. of Sylmar, California, and the magnesium substrates by NASA/ 
Lewis Research Center.  Vacuum deposited films on the  two former substrates were 
applied by Spectrolab, and on  the latter by the Kinney Vacuum Division of the 
New York Air Brake Co. A detailed description of the various combinations of 
substrates and coatings evaluated is given in Table I . Nominal coating thicknesses 
a re  also given in  the table; however, specific thicknesses and vacuum coating 
data are given in  Appendix A. 

TABLE I -- DESCRIPTION OF SOLAR MIRROR TEST SAMPLES 

* A division of Thompson Ram0 Wooldridge, Inc., Cleveland, Ohio 

3 



3.1 Electroformed Nickel  Test Samples d 

The electroformed-nickel mirror test samples were prepared as follows. A 
ground and polished Pyrex disc, 30.5 cm in  diameter, was used as the optical 
master for electroforming. The Pyrex disc was cleaned and coated with silver prior 
to each electroforming operation. Then, a nominal thickness of 0.076 cm (30 mils) 
of nickel was plated onto the master i n  a conventional nicket-sulfamate bath. The 
sheet of nickel was separated from the glass master, the silver was chemically 
removed, and then 2.38 cm (15/16-inch) diameter test samples were cut out by a 
spark-discharge machining process. Although a nominal thickness of 0.076 cm was 
planned, i t  was found that the thickness varied by as much as 
percent across the sheet. 

16 

The cleaning procedure used for the nickel mirror samples was as follows: 

1) Following electroforming, the samples were thoroughly rinsed with dis- 
t i l led water; 

2) The nickel sheets were then immersed in  a water solution of ammonium 
hydroxide and hydrogen peroxide to remove the silver parting fi Irn; 

3) Sheets were again rinsed with distilled water; 

4) After spark-discharge machining, the samples were immersed in  a pro- 
prietary cleaning solution (Eloxal No. 6) to remove the electrolyte; 

5) Samples were then rinsed in  two sequential toluene baths; 

6) Samples were then immersed in  a 10 percent l iquid detergent solution 
for 2 minutes at 72OC; I 

7) Samples were then immersed in a sulfuric acid solution of 5 percent by 
volume; 

8) Samples were then sprayed with deionized water; 

9) Samples were rinsed in  distilled water and blown dry with a syringe; 

10) Immediately before vacuum deposition, samples were placed i n  a pure 
ethyl alcohol bath and scrubbed with long-fiber surgical cotton; 

11) Samples were finally dried with an air blast and placed in  the vacuum 
Chamber as soon as possible 

Prior to the vacuum coating operation, the nickel samples were subjected to glow- 
discharge cleaning for a period of 10 minutes at a pressure of 5 x 10-3 torr. The sample 
temperature was maintained at about 250°C during glow-discharge cleaning. 
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4. A summary of details of the vacuum coating operation and estimated coating 
thicknesses are given in Appendix A. All coatings were applied with an electron 
beam evaporator using standard procedures Arrays of samples were rotated during 
deposition to obtain maximum uniformity of coating thicknesses. It should be noted 
that thicknesses of the 80008 Si 03 films and the Si02 f i lms  (sample types E and F) 

the actual mirror samples, assuming an index of refraction of 1.5 The thicknesses 
of Si0 and th in  Si203 fi lms were calculated from interference maxima obtained by 
monitoring the reflectance of a glass optical-flat during deposition with light of 
5461 %wavelength 
the respective f i l m  thicknesses, 

were calculated from wavelengt 2 positions of reflectance interference maxima on 

Indices of refraction of 1.8 and 1.5 were assumed for calculating 

It should be pointed out that there is reason to doubt the thickness values given 
i n  Appendix A for the thin Si203 coating on mirror types B and D. The fact that no 
optical interference was noted in  the reflectance spectra of these mirrors indicates 
that the physical thickness is considerably smaller than the 1800 to 2000 8 value 
reported. Thickness measurements made with an interferometer and an electron 
microscope indicate a thickness of 900 - 1300 8 for the Si203 films on Type B and 
D mirrors. The discrepancy in  f i l m  thickness appears to be due to a difference in 
the rate of deposition between the glass monitoring substrate and the mirror samples. 
For the benefit of future coating operations of this type, it is recommended that: 
(1)  the reflectance of an actual mirror sample surface be monitored during deposition; 
and (2) control samples should be prepared which have a shielded or uncoated strip 
for interferometric thickness measurements. 

The thicknesses of metallic films were calculated by the following procedure: 

1)  Reflectance was monitored versus time while the vacuum deposited f i l m  was 
building u p  to a thickness of about 200 8; 

2) Published data of reflectance versus thickness was then used to calculate the 
thickness versus time (or rate of deposition); 

3) Based on this rate, the deposition was continued until the desired thickness 
was obtained. 

For presentation purposes, the assumption has been made that the silicon oxide 
fi lms are stoichiometric compounds of SiO, Si 03, and Si02. The exact composition 

with 8000 8 of Si203 verified that the silicon oxide f i lm was Si203 as determined in 
similar experiments by Bradford and Hass (Reference 3). Similar infrared reflectance 
measurements on the specimens coated with vacuum deposited fused silica revealed 
that those fi lms were probably not the stoichiometric Si02 compound, 

was not determined; however, far-infrared ref 21 ectance measurements on mirrors coated 

5 



3.2 Stretch-Formed Aluminum Mirrors 

The stretch-formed aluminum mirrors were prepared as follows: 

1) The samples were made from 3003 "0" condition aluminum alloy that had 
been annealed at 41OoC; 

2) Sheets of aluminum, 0.05 cm thick, were uniaxially stretch-formed to 
a 2 percent elongation; 

3) After stretch-forming the aluminum sheets were cleaned with an etching 
paste", rinsed with water, and baked at 7OoC; 

4) The aluminum was then spray-coated with a high-temperature epoxy 
resin** to improve the specularity of the surface (0.002 cm thick); 

5) Following spray coating, the epoxy coated sheets were subjected to a 
cure cycle of 1 hour at 43OC, 16 hours at 93OC, and 2 hours at 150°C. 

The cleaning procedure used prior to vacuum coating was as follows: 

1) Scrub in an Aerosol solution***; 

2) Immerse in bath of distilled water; 

3) Scrub under running, warm tap water to remove Aerosol solution; 

4) Immerse in  bath of distilled water; 

5) Scrub l ightly with cotton; 

6) Immerse in another distilled water bath; 

7) Remove from bath, shake off excess water, and dry with air. 

After cleaning, the samples were immediately laced in  the vacuum chamber 
for coating. The chamber was evacuated to 5 x IO-'torr, backfilled with air, and a 
glow discharge was operated for about 30 seconds. Then the chamber pressure was 
lowered for the vacuum-coating process. A summary of the data from the vacuum 
coating process i s  given in  Appendix A. It is significant to note that the stretch-formed 
aluminum samples were not heated during glow-discharge cleaning or vacuum coating 
in  contrast to the nickel substrate mirrors. A thermocouple attached to one of  the 
samples showed no deviation from ambient temperature. 

* Hughson Chemical Co., Erie, Pennsylvania, Etching Paste No. EX-B727-6 
. ** Emerson Cumming No. C-26 epoxy resin 
*** Fischer Scientific Co. "OT" Aerosol solution, Catalog No. A-351-25% clear 
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*. 3.3 Magnesi um Mi rrors 

The magnesium-substrate solar mirror samples, supplied by NASA/Lewis Research 
Center, consisted of a magnesium substrate coated with epoxy, SiO, a luminum and 
Si203. T h e  magnesium substrate was about 0.076 c m  thick and was formed by 
machining discs from a solid rod. The  discs were then  ground to an acceptable 
finish and spray-coated with a 0.004 c m  thick epoxy coating, The epoxy coating 
was cured to a maximum temperature of 90 C. Vacuum-deposited films were 
applied by the Kinney Vacuum Division of the New York Air Brake Company. 
Vacuurn-coating data for these coatings are given in  Appendix A. 

0 

The procedure followed for cleaning and vacuum coating was as follows. 

1)  Most of the epoxy-coated substrates were cleaned using a breath vapor 
pattern and cotton. The cleaning was necessary to  remove fingerprints from the 
epoxy surfaces. This cleaning caused visible scratches to be formed on the surfaces. 
Substrates without fingerprints were not cleaned. 

2) All substrates were placed in the vacuum fhamber and glow-discharge 
cleaned. T h e  pressure was first reduced to  8 x 10- torr and then was increased 
to  5 x 
30 seconds. 

torr by backfilling with oxygen, The glow discharge was operated for 

3) Substrates were coated with Si0 and a l u m i n u m  coatings. 

4) The a l u m i n u m  surface was then glow-discharge cleaned for 30 seconds. 

5) T h e  Si 0 overcoating was applied and the mirror samples were removed 
from the chamber. 2 3  
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4.0 APPARATUS 

L 

& 

4. I Charged Particle Radiation Facility 

A schematic of the low-energy particle accelerator used for experiments in 
this program is shown in  Figure 1. The schematic shown was the setup for obtaining 
protons. Essentially the same setup was used for obtaining electrons except that 
an electron gun was used and the analyzing magnet was not used. 

An ORTEC* ion source was used to generate hydrogen ions from commercial, 
ultrapure laboratory-grade hydrogen 
field to create a plasma containing H , H2' and H2-H' ions (98 percent mass I and 
2 with some mass 3 particles). 
the desired keV energy by applying appropriate potentials to accelerating electrodes 
and focusing lenses. 

. This ion source utilizes a n  80-Mc rf gas 
Positive ions were electrostatically accelerated to 

Experiments in  this program were performed a t  energies varying from 2 to 30 
keV. Mass, energy, and charge separation of the ions were accomplished by the 
use of a magnetic field and two limiting apertures of 1.9 cm diameter. A particle 
bend angle of about 25 degrees was used. The first aperture separated the ion- 
pumped portion of the beam tube from the turbo-molecular pumped portion of the 
system. The  gate  valve was closed whenever mirror  samples were changed. 

Mirror samples were individually mounted on  a temperature-controlled copper 
heat sink. The temperature of the heat sink was varied from the liquid nitrogen 
boiling point, -195OC, to 20OoC. Temperatures of Oo, 40°, SO0, looo, and 2OO0C 
were obtained by passing either heated nitrogen or a i r  through the sample holder. 

In regard to the vacuum system employed, indium seals were used throughout 
the beam tube except in special cases where Viton -A or other polymeric "0" 
rings had to be used. An ion pump and a turbo-molecular pump were used for 
evacuation. Typical pressures during irradiation were in the order of 2 x 
A liquid nitrogen cold trap was located in the beam tube such that any volatiles 
from the ion source, the turbo-molecular pump, or the mirror samples would be 
adsorbed. This cold trap was removed and cleaned before i t  warmed up, each time 
a mirror sample was changed, to avoid contamination of the vacuum system. 

torr. 

4.2 Ultraviolet Radiation Facility 

The facility used for performing ultraviolet tests in this program is shown in  
Figures 2 and 3. As noted in the figures, four independent arrays of mirror samples 

* Oak Ridge Technical Enterprise Co. 
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surrounded a UA-II* mercury arc lamp. The distance from the center of the lamp 
to the surfaces of the mirror samples was 7. I cm. Fourteen samples were mounted 
on each sample holder. Each sample holder consisted of a 0.95 cm thick copper 
bar containing spot faced indentations for the mirror samples. A stain less-steel 
retainer plate was placed over the copper bar to hold the samples f i rmly against 
it. Holes in  the retainer plate allowed ultraviolet radiation to strike the mirror 
surfaces. Copper tubing (a double pass coil) was brazed to the back side of each 

s sample holder for conduction of heat transfer fluids. 

4.3 Reflectometers 

Reflectance measurements were obtained with a Gier-Dunkle Model AIS-6L 
Absolute Integrating Sphere Reflectometer (Reference 4) which was attached to a 
Perkin-Elmer Model 99 Monochromator. The Gier-Dunkle reflectometer provides 
absolute reflectance in point -by-point wavelength measurements over the region 
of about 0.30 to 2.5 microns. To minimize data acquisition time, a semi-automatic 
wavelength and reference mirror positioning system was developed and used in the 
program. 

The infrared reflectance measurements performed in this program were made 
with a Perkin-Elmer Model 1R-4 Spectrophotometer utilizing a heated Hohlraum 
reflectance attachment. This instrument provides reflectance data measured at 
near-normal incidence from a diffusely illuminated sample. Data were obtained 
covering the wavelength range from I to 15 microns. 

4.4 In-Si t u  Reflectance Measurement/lrradiation Faci li  ty 

During the course of this program it was planned to perform the ultraviolet 
radiation experiment, in which reflectance would be measured in-situ, in a large 
multiple-specimen irradiation facility. The experiment was indeed started in  this 
facility ; however, a vacuum seal failure prevented completion of the test. Because 
of the time required to repair the facility and schedule problems with another NASA 
contract, the ultraviolet radiationln-situ reflectance experiment was run in a 
different facility. A schematic of this latter facility is shown in Figure 4. 

The significant features of the facility are: 

I )  An A-H6* water-cooled ultraviolet lamp is used; 

2) The ultraviolet intensity (in the wavelength region less than 0.4 micron) on 
the test sample is 6 to 7 equivalent space suns (ESS); 

* Manufactured by the General Electric Co. 
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3) One sample i s  irradiated at  a time; 

4) A magnesium oxide coated Gier-Dunkle-type integrating sphere 
(Reference 4) is used in conjunction with a Beckman DK-2A Spectrophotometer; and 

5) Adsorption and ion pumps are used for evacuation. 

The use of an A-H6 mercury-arc lamp for this test provided a different ultra- 
violet spectrum for irradiation than the UA-II lamp used in  a l l  other tests i n  the 
program; however, i t  was felt  that the objective of the test could be accomplished 
with either lamp. 

Both specular-plus-diffuse and diffuse reflectance measurements could be made 
in  the in-situ reflectometer facility, although only the former was measured in  these 
tests. The wavelength range of the instrument was about 0.22 to 2.7 microns; 
however, reflectance measurements could only be made over the range from 0.27 
to 2. I microns due to an optical lens problem. 
correct the problem for these experiments. 

Inadequate time was available to 

In regard to cleanliness of the vacuum system, copper gasket and metal brazed 
seals were used throughout the system with the exception of one rotating seal on 
the sample holder assembly and the three roughdown valves on the adsorption pumps 
which were made of Viton-A. During irradiation and measurement of the test 
sample, only the one rotating seal was exposed to the high vacuum system. To 
further reduce the possibility of test sample contamination during irradiation, a 
l iquid nitrogen cooled shroud was installed around the test sample as shown in  
Figure 4. 
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E 5 .O PROCEDURES 

5.1 Charged Particle Irradiation and Dosimetry 

A summary of the various test conditions which the mirror samples were 
exposed to in the proton tests is given Table I I .  P s  noted in  the table the proton 
integrated flux was varied from 1 x 10” to 2 x 15’ , although the bulk of the tests 
were run in the 5 x IO 
values were run early in  the program to determine the threshold of measurable 
damage. Proton energies were varied from 2 to 30 keV with the majority of the 
samples being exposed to 16 keV protons. Temperatures were varied from -195’ 
to 5OoC on the stretch-formed aluminum mirrors, -195to 4OoC on the magnesium 
substrate mirrors and -1950 to 2OOOC on the nickel substrate mirrors, The lower 
maximum temperature on the epoxy-coated mirrors was dictated by a f i l m  failure 
problem as will be discussed in a subsequent section. A multiplicity of three 
samples for each data point was utilized for the majority of the tests. 

16 to 2 x 1017 protons-cm- range. Lower integrated flux 

In addition to the items shown in Table i l ,  a limited number of proton exposures 
were conducted at angles of incidence of 30 and 60 degrees from normal on samples 
of the first four types. Also not given in the table are electron irradiation tests 
conducted on the fifth and sixth types of samples. The conditions prevailin in the 
electron exposures were a temperature of 0 C, integrated fluxes of 5 x 10 0 18 , 1 x 

and 2 x 1017 electrons-cm-2, and an energy of 16 keV. 

The procedure followed for charged particle irradiation of mirror samples is 
outlined below. Reflectance measurements were made on each mirror sample before 
irradiation. The individual sample to be irradiated was then  installed on the 
temperature-controlled copper holder in the low energy particle accelerator. A 
scribe mark was placed on the test sample and oriented i n  a specific direction so 
that the position of the monochromatic fight beam in subsequent reflectance measure- 
ments could be superimposed on the irradiated area. A threaded ring was used to 
clamp the sample onto the holder. 

The test-end of the accelerator was then evacuated with the turbomolecular 
pump,  Care was taken during pump-down to start the turbo-molecular pump at a 
pressure of about 1000 microns of mzcury to avoid backstreaming of oil into the 
system. When a pressure in the 10- torr range was reached, the cold trap (Figure 1)  
was filled with liquid nitrogen. When a pressure of about 1 x loM7 torr was obtained 
the mirror sample temperature was established at the desired value, the gate valve 
was opened, and the exposure was started. 
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A Faraday cup hav ing  a 0.486 c m  diameter aperture was used for dosimetr 
I 13 -3 of both the proton and electron beams, A particle flux of 1 x 10 protons-cm - 
sec" was established a t  the beginning of the run. A beam uniformity of better than 
t10 percent was maintained across the portion of the test sample which was subse- 
quently illuminated in the reflectance measurement. Figure 5 shows both the path 
of the Faraday cup aperture and the  relative size of the reflectometer light beam 
with respect t o  the mirror sample. A typical proton flux distribution is also given. 
S imi la r  beam flux profiles were made at regular intervals throughout the test run. 
The  average proton flux was calculated for the area viewed by the reflectometer 
light bean at various times during the exposure. Then the integrated flux was 
calculated by integrating the average proton flux with respect to time., Typical 
test runs ried in len th from about 1.3 to 5.2 hours for integrated flux levels 
of 5 x I O  rs: to 2 x 10 17 protons-cm-2, respectively. 

When the desired integrated flux level was achieved the gate  valve in the 
beam tube was closed, the test sample temperature was returned to  ambient, and 
the beam tube was backfilled with dry nitrogen. Again, care was taken to begin 
backfilling the system before the  turbo-molecular pump was completely stopped. 
The  test sample was then removed from the system and stored in a dark container 
unti I reflectance measurements could be made, Immediately following each test, 
the cold trap was removed from the system and cleaned with hot water and a luminum 
oxide abrasive. It was then placed back in  the accelerator beam tube for the next 
run. This procedure for warming and cleaning the cold trap prevented re-evaporation 
of adsorbed organic molecules into the vacuum system. 

5,2 Ultraviolet Irradiation and Dosimetry 

A summary of test conditions including temperatures and exposure increments 
for ultraviolet experiments is given in Table 111 . It should be noted that the exposure 
increments given i n  the table are only nominal values, Exact values for each mirror  
sample are given in Appendix B o  

At the beginning of the program the ultraviolet intensity of the UA-I1 lamp 
was mapped along the axis of the lamp so that the exposure rate of each sample 
would be  known, A wide angle (135 degrees) radiometer* was used with and 
without appropriate filters"" t o  establish the absolute output of the lamp in the 
wavelength region below 0,4 micron , The variation in intensity along the axis of 
the lamp plotted in equivalent space suns (ESS) is shown in  Figure 6, As noted in 
the figure, the intensity varied from 11.2 ESS near the center of the lamp to  8.5 ESS 
at the ends of the lamp, In comparing data  between test samples i t  has been assumed 
that reciprocity exists over this intensity range. Additional experiments should be 
run, however, to establish whether any exposure "rate effects " exist, 
* Thompson-Ramo-Wooldridge Go. Model DR-2 Blackbody Thermopile 

** Corning Filters 0-51 and 7-54 
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d A relative spectral distribution plot on a UA-11 lamp was also measured at 
the beginning of the program using a Beckman DK-1A Spectrophotometer. A plot 
of the spectral distribution of this lamp, the space solar spectrum, and an A-H6 
mercury-arc lamp (used in the in-situ reflectance experiment) i s  shown in Figure 7. 
The relative amount of energy in  each spectral line of the UA-11 lamp i s  given in  
Table IV. Also shown i n  the table are the ratios of energy in each lamp emission 
l ine to the energy in the space solar spectrum in the same wavelength region. It 
i s  significant to note that the energy in  several of the lines exceeds the energy of 
the solar spectrum by greater than 100 times. Because of the relatively poor match 
between the UA-11 lamp and the solar spectrum i t  i s  recommended that either (1) 
spectral degradation sensitivity measurements be made on mirror samples using a 
line spectrum lamp with narrow band pass filters, or (2) degradation experiments 
be performed using a close-match solar spectrum and the amount of degradation 
be compared to the present measurements. 

TABLE IV -- EMISSION DATA FOR UA-11 MERCURY-ARC LAMP 

0 
Wavelength, A 

2527 - 2637 
2637 - 2675 

2690 - 2718 

2748 - 2772 

2791 - 2832 
2882 - 2913 
2913 - 2942 

2955 - 2988 
2998 - 3053 
3108 - 3167 

3318 - 3365 

3616 - 3723 
4003 - 4136 

4301 - 4432 
5340 - 5563 

5621 - 5901 

Percent  of T o t a l  

8.82 
5.80 

0.88 
0.76 

2.35 
1 .17  

0.38 
3.01 
5.61 

11.80 
1.64 

18.78 

4.73 

9.45 
11.82 

13.00 

Equiva len t  Space-Sun 
I n t e n s  i t  y 

123.8 
157.8 

28.8 
32.0 

41.4 
15.0 

4.6 
26.1 
30.7 

56.1 
7.3 

39.6 
3.9 

7.8 
5.3 

5.7 
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a Recent experiments (Reference 5) in  which the degradation of various spacecraft 
paints was determined for various ultraviolet wavelengths have indicated that the 
effectiveness for producing optical degradation increases as the wavelength decreases, 
In general, little or no damage was induced by photons of wavelength greater than 
0.35 micron in  the reference experiments. Thus, the UA-11 lamp emission lines in  
the 0.25 to 0,35 micron region should have been most effective. Considering the 
effectiveness and relative abundance of the shorter wavelength photons and the 
energy distribution in  the solar spectrum, it is reasonable to assume that the exposure 
experienced i n  these tests is more severe than actual sunlight exposure. 

Following the spectral and intensity measurements on the UA-11 lamp, a short 
test run was made to verify the operation of the facility and to check for contamination 
in the test chamber. The test samples were then installed on the four temperature- 
controlled sample holders. Reflectance measurements were made on the samples before, 
at various increments during, and after irradiation. For interim reflectance measure- 
ments, the samples had to be removed from the vacuum chamber and returned 
to ambient temperature. 

The intensity of the ultraviolet lamp was checked after each test run .  Since 
the amount of degradation i n  the wavelength region less than 0.4 micron was small 
(less than 20 percent) for even the longest run, the initial intensity of the lamp w s  
used for estimating the total exposure. 

5.3 Combined Proton-Ultraviolet Irradiation and Dosimetry 

The procedure followed for conducting the combined proton-ultraviolet radiation 
experiments is given below. For these tests, a stainless steel section of beam tube i n  
the shape of a cross was attached to the accelerator as shown in  Figure 8. Prior to 
installation of any mirror samples, the ultraviolet lamp was operated b r  several days 
fo thoroughly outgass the components in  the immediate vicinity of the lamp. Ultra- 
violet intensity measurements were made at the position of the test sample, An 
equivalent space sun intensity of 10 was provided at the mirror sample surface. 
During lamp calibration measurements, a ratio was obtained between the outputs of 
the DR-2 radiometer (at the test sample position) and an Eppley thermopile viewing 
the lamp through a quartz window. The output of the lamp was then monitored during 
the test run with the Eppley therrnople. 

The mirror sample was then installed on the sample holder, the system evacuated, 
and the temperature of the sample established at O°C, A dosimetry measurement was 
then made on the proton beav to adjustthe power supplies and to establish the proper 
flux. This proton dosimetry was done prior to turning on the ultragiolet lamp. 

23 



I 

24 



As noted in  Figure 8 two Faraday cups were employed i n  the combined environ- 
'ment experiment, one of which was located at the test sample position and the other 
between the ultraviolet lamp and cold trap. It was discovered in  preliminary check- 
out tests that erroneous current readings were obtained in  the Faraday cup at the test 
sample position when the ultraviolet lamp was operating. This was believed i o  be 
due to photo-emission of electrons from the adjacent exposed metal surfaces. Because 
of this problem a second Faraday cup was installed upstream in  the beam tube such that 
it was shielded from the ultravioletradiation. However, since the proton beam was 
slightly divergent, the two Faraday cups read different flux values. 

The procedure followed with the Faraday cups was to obtain the ratio of the 
current outputs before the ultraviolet lamp was turned on. Then, only the shielded, 
upstream cup was used during the test run. The flux distribution at the mirror sample 
position could then be calculated. A similar comparison of the outputs of the two 
Faraday cups was also made at the end of the run. 

11 -2 -1 protons-cm -sec 
for the combined environment tests. This flux provided an integrated flux of 5 x 10 
protons-cm-2 in  a 50-hour period. Since the output of the ultraviolet lamp was 10 ESS, 
500 equivalent space sun hours (ESSH) was accumulated in  the 50-hour test run. The 
50-hour exposure was accumulated in  successive periods of about 16 hours of irradia- 
tion and 8 hours of shut down. During the 8-hour shut down periods the cold trap was 
kept full of liquid nitrogen, the irradiation was stopped, mirror sample temperature 
was returned to ambient, and high vacuum was maintained. 

16 
The proton flux was reduced from 1 x l O I 3  to 2.8 x 10 

5.4 In-Situ Reflectance Measurement Experiment 

The procedure for performing the in-situ reflectance measurement experiment 
follows: 

1) The mirror sample was installed on the water-cooled holder shown i n  Figure 
4 and inserted into the vacuum system; 

2) Specular-plus-diffuse reflectance measurements were then made before 
evacuation of the system over the wavelength region from 0.27 to 2.1 microns. The 
reflectance was measured at an angle of incidence of 10 degrees from normal; 

3) The system was then evacuated to a pressure of about 2 x lom7 torr and the 
reflectance was again measured i n  vacuum after a period of 1 to 2 hours; 

4) The A-H6 mercury-arc lamp was then started and operated for a period of 
68 to 115 hours. During the irradiation period the lamp output normally degraded by 
2 to 10 percent. Intensities of the A-H6 lamps used in the runs varied from 6.7 to 
7.5 ESS; 
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5 )  After irradiation the reflectance was measured in vacuum and again in  air 
about one hour after backfilling. One of the samples was also measured about 12 
hours after exposure to air to determine whether any long-term annealing occurred. 

~~ 

5.5 Electron Photomicrographs 

Electron photomicrographs were prepared in the following manner: 

1) A polyvinyl alcohol (PVA) replica was taken of the aluminum surface; 

2) The PVA replica was shadowed with vapor-deposited germanium at an 
angle of 65 degrees from normal; 

4 

3) A vapordeposited f i lm of carbon was applied to the germanium at normal 
incidence; and 

4) The PVA was dissolved off of the vapor-deposited films and the fi lms were 
mounted on a wire grid. 

The photographs represent transmission of 60 keV electrons through the germanium- 
carbon films. A magnification of 10,000 X was used. 

5.6 Reflectance Data Acquisition and Reduction Procedures 

Reflectance measurements were made over the wavelength region from 0.30 to 
2.5 microns in either 2- or 4-percent energy increments of the space solar spectrum 
(Reference 6). Two-percent increments were used on the mirrors employing thick 
Si293 and Si02 overcoatings, and 4-percent increments on all others. Both hemis- 
pherical (specular-plus-diffuse) and diffuse reflectance measurements were made on 
all mirror samples, The specular-plus-diffuse measurements were made at 10 degrees 
from normal and the diffuse measurement at normal incidence. Specular reflectance 
data were then obtained by subtracting diffuse from specular-plus-diffuse reflectance. 

It is important that solar concentrator designers know the solid angle defining 
the specularly reflected light beam from the test samples, so that the effect of partially 
scattered light on the performance of a mirror can be predicted. In the Gier-Dunkle 
integrating sphere, light from the monochromator is focused onto the mirror sample 
surface as shown in Figure 9a. For normal orientation, the specularly reflected beam 
will then retrace its path out the sphere port. Roughness on the mirror surface causes 
a small portion of light to be hemispherically scattered. If the sphere port i s  con- 
siderably larger than the specular light beam, a portion of the diffusely reflected 
light will escape through the port. Also, the nature of the roughness on the mirror 
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surface may cause the specular component to merely broaden and have Gaussian 
r8 

shaped edges. Thus the amount of the specularly reflected beam which i s  clipped 
by the port may be significant. For the Gier-Dunkle integrating sphere, the solid 
aqgle of the specular reflectance measurement i s  established by the clearance 
between the specularly reflected bean and the entrance port when the diffuse 
measurement i s  being taken, Scale drawings showing the clearances between the 
specularly reflected beam and the entrance port for both tungsten and xenon lanp 
operation are shown in Figure 9b. Since the light beam i s  rectangular in  shape and 
the entrance port i s  circular, i t  is obvious that no fixed clearance distance can be 
given. Nevertheless, maximum clearances can be given for the distance between 
the short and long sides of the rectangular beam and the entrance port. The clear- 
ances are given in  angles, bused on a distance of 10.2 cm from the reflecting 
surface to the port, for convenience of applicability to solar concentrator design. 
As noted in  the sketch, the maximum clearance in both the vertical and horizontal 
directions was about 5 degrees. 

A silicon oxide overcoated, nickel substrate mirror was chosen as a reflectance 
reference to check equipment each time a series of reflectance measurements was 
taken. This served as a check for eauipment malfunction and also provided a means 
for determining the reproducibility that could be expected for any set of data. Data 
from the reference sample indicated a reproducibility within I- 1.5 percent. 
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3 6.0 RESULTS AND DISCUSSION 

Included in  this section are discussions of contamination problems experienced 
in preliminary radiation tests, radiation effects on the three types of solar mirrors 
evaluated i n  this program, and a discussion of anticipated effects i n  space. These 
various items are presented i n  respective order. 

6.1 Contamination of Mirror Samples 

The primary purpose of the program was to study the effects of protons and 
ultraviolet radiation on the reflectance of mirror surfaces; however, the contract 
specifically stated that special attention be given to contamination of test samples 
in the vacuum system. Since a considerable portion of the program was devoted 
to studying and minimizing contamination effects, a brief review of the contamina- 
tion phenomena and problems encountered i n  this program i s  presented for the 
benefit of future experiments. 

The reflectance of a mirror surface in the wavelength region shorter than 
about 5000x i s  both a sensitive indicator of contamination and a cri t ical design 
parameter in many space-optical systems. Contaminant f i lms which are strong 
absorbers in this wavelength region can be deposited either during environmental 
tests or actual space fl ight i f  suitable outgassing materials are located in  the 
vicinity of the mirror surface. Since typical environmental vacuum chambers and 
spacecraft employ organic materials, special attention must be given to avoid 
contamination of optical surfaces. 

The phenomena of radiation-induced contaminant f i lm  deposition has been 
observed for many years i n  vacuum systems. Early experimenters (References 7, 
8, and 9) i n  vacuum coating work noted the formation of carbonaceous deposits 
on surfaces after both ionic or electron bombardment cleaning. These deposits 
were attributed to hydrocarbon vapors which were deposited on the surfaces and 
were subsequently polymerized or decomposed into a stable, low vapor pressure 
compound. This stable compound, which was normally brown or black i n  appear- 
ance, then remained on the surface. 

In recent years the contaminant f i l m  problem has been encountered i n  space 
radiation testing of spacecraft materials, particularly in charged particle and 
ultraviolet radiation tests of spacecraft thermal control coatings and mirror surfaces 
(References 10, 11 and 12). 

Although major improvements in vacuum system cleanliness have been made 
in  recent years, the amount of time which surfaces are exposed to radiation i n  
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5 * vacuum has increased by 103 to 10 over that experienced in glow discharge 
cleaning in  the early vacuum coating experiments. Thus, the effects of the 
cleaner vacuum systems containing a smaller fraction of organic contaminant 
vapors have been partially offset by the longer times of exposure to radiation. 

At  the present time no theory exists for relating the thickness of polymerized 
contaminant films to the variables of the phenomena. A complete theory of this 
type would no doubt have to include the partial pressure of the contaminant vapor, 
surface bond energies, surface temperature, and the interaction of the radiation 
with the adsorbed f i lm.  Numerous theories have been proposed for describing the 
adsorption process on clean surfaces i n  vacuum, including monolayer, multilayer, 
and capillary condensation on surfaces. A review of these theories i s  given in 
Reference 13 including: the Langmuir theory for monolayer adsorption; the 
Brunauer, Emmett, and Teller theory for multilayer adsorption; the potential 
theory; the polarization theory; and others. Despite the numerous theories, no 
completely rigorous or general treatment of the adsorption of gas molecules exists 
at the present time. Experimental observations have shown that i n  some instances 
only a monolayer forms; whereas, for other materials relatively thick f i lms w i l l  
form. 
condensed on a clean surface increases very rapidly at first and then approaches 
a saturation value after a long period of time. The saturation thickness achieved 
i s  a function of the strength of the atomic forces from the underlying substrate 
surface, gas pressure, temperature, and the type of gas being adsorbed. After 
the saturation thickness value i s  reached, the rate of vapor atom condensation i s  
equal to the evaporation rate. It i s  significant to note that even after a saturation 
thickness value has been achieved, the condensing vapor atoms or molecules are 
believed to spend a f ini te period of time on the surface of the adsorbed f i l m  before 
evaporating . 

In either case, a saturation effect i s  observed where the f i lm  thickness 

As discussed above, a variety of theories exist to explain the formation of 
adsorbed f i lms without the presence of ionizing radiation. However, no known 
theories exist for predicting the influence of the radiation on the number of mole- 
cules that condense or remain bonded onto the surface. It can only be qualita- 
t ively predicted that the thickness of organic f i lms w i l l  continue to increase 
indefinitely, assuming that an infinite source of outgassing contaminant molecules 
exists in the vacuum system. This prediction i s  based on the assumption that the 
ionization w i l l  cause alteration of the organic molecular bond structure such that 
molecules which would have re-evaporated now remain bonded to the surface. 
Experiments conducted i n  Reference 7 on contaminant f i  Im deposition during 
charged-particle irradiation have verif ied that the contaminant f i l m  thickness 
increases linearly with time indefinitely. 

At the outset of this program contamination experiments were conducted in  
the low energy particle accelerator as i t  existed at that time. Optical sapphire 
windows were irradiated with 4 keV protons to various integrated flux levels and 
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% 
under various conditions of operation and vacuum system cleanliness. T h e  optical 
transmission, measured before and after irradiation, was used as an  indication of 
the thickness of the contaminant f i l m .  To reduce the concentration of organic 
molecules in the system, the diffusion pumps were replaced with an ion pump and 
a turbo-molecular pump, the majority of the O-ring seals were replaced with 
indium wire and Viton-A seals, and a liquid nitrogen cold trap was installed in the 
beam tube. It was shown in the contamination experiments on the sapphire window 
that the level of contamination was substantially reduced by cleaning up  the 
accelerator vacuum system. In fact, the degradation in spectral transmission was 
reduced to the point where the changes observed could have been due to proton 
radiation effects i n  the sapphire. 

The stability of the contaminant films in this experiment was demonstrated 
in cleaning experiments on the coated sapphire windows. It was found that the 
films were not attacked a t  a n  appreciable rate by petroleum distillate solvents, 
ethyl alcohol, or by aqueous solutions of sodium hydroxide, nitric, sulphuric, 
and hydrochloric acid.  Similar chemical stability was noted for diffusion pump 
oi I contaminant films formed during ion bombardment experiments in References 
10, 1 1 ,  and 12. These films were apparently not removed by baking a t  tempera- 
tures up to 3500 C since the transmission of the sapphire was not affected. The 
only successful cleaning techniques found i n  Boeing experiments were either 
scraping or abrading with a l u m i n u m  oxide powder. However, a chemical cleaning 
technique described in Reference 1 2  also appears effective. 

Various analysis techniques were used in an attempt to measure the thickness 
and composition of the contaminant films deposited on surfaces in the low energy 
particle accelerator. T h e  only partially successful technique found for estimating 
the thickness was by observing changes in amplitude of interference minima on 
irradiated dielectric-coated metal surfaces as described in Reference 14. Using 
this technique, i t  was found that the contaminant f i l m  thickness accumulated 
during the longest irradiation period was in the order of 5 to 158. This rate of 
contaminant f i l m  deposition was very likely present during the proton and com- 
bined proton/ultraviolet radiation experiments. No satisfactory means for detect-  
ing or measuring the composition of such contaminant films could be found. Among 
the analysis techniques tried were X-ray and electron diffraction, infrared trans- 
mission of irradiated NaCl crystals, and mass spectrographic analysis of atoms 
sparked from irradiated high -purity aluminum surfaces and electroformed nickel 
mirrors. 

In general, the contamination experiments in this program verify the need 
for carefully controlling the cleanliness of environmental test vacuum systems and 
the adjacent spacecraft surfaces when optical mirror surfaces are involved. T h e  
need for ultrapure vacuum environments wil I be especially important for irradiation 
of optical surfaces which must maintain high reflectance or transmission in the 
wavelength region as short as 10008. 

31 



6.2 Electroformed Nickel  Mirrors 

Included in  this section o f  the report are typical reflectance data and 
discussions of results of  proton, ultraviolet, combined proton/untraviolet, and 
electron radiation experiments on electroformed nickel mirrors. Each of these 
general items w i l l  be presented i n  their respective order. 

6.2.1 Typical Reflectance Data---Typical reflectance data for electroformed 
nickel mirrors having both bare aluminum and silicon oxide overcoated reflective 
surfaces are shown in Figure 10. Specifically, spectral reflectance curves are 
shown for an unprotected vacuum deposited aluminum surface and aluminum sur- 
faces overcoated with about 1800; of Si2O3, 8000g of Si203 and 17,0006: of 
Si02. As can be noted i n  the curves, the silicon oxide overcoatings caused a 
significant reduction i n  the specular reflectance, especially for the thicker f i lms. 
Average solar specular reflectance values for the four types of surfaces were 
0.891, 0.875, 0.762, and 0.754, respectively. A portion of the decrease in  
specular reflectance i s  due to the increase in  diffuse reflectance; however, a 
major problem appears to exist i n  absorption in  the oxide f i lms. In  theory, 
(Reference 15) when non-absorbing silicon oxide f i lms are applied to aluminum 
the reflectance at interference maxima should equal, or slightly exceed, the 
reflectance of the bare aluminum surface. It can only be concluded from the 
reflectance data that the oxide f i lms were not applied under the optimum condi- 
tions since non-absorbing f i lms have been reported in  the literature. 

In regard to absorption in the oxide films, the first two batches of nickel 
mirror samples which were overcoated with 18001 of S i  0 were extremely non- 
uniform in  reflectance. Sample-to-sample variations were as large as 29 percent 
at a 5000i wavelength, and even larger variations were apparent throughout the 
near infrared wavelengths. This non-uniformity cannot be explained because 66 
samples were coated i n  each batch i n  a rotating array. All other silicon oxide 
overcoated mirrors prepared in  the program showed good uniformity. It should be 
noted that the silicon oxide overcoated mirrors which had non-uniform reflectances 
were used primarily for proton-only radiation experiments. The effects of protons 
were, however, checked on a series of silicon oxide overcoated mirrors which had 
uniform reflectances. 

2 3  

Prior experiments on silicon oxide overcoatings have shown that the absorp- 
tion in  freshly prepared f i lms can be eliminated by exposure to ultraviolet radia- 
tion in  air for a period of about 5 hours (Reference 16). It i s  recommended for 
future experiments on oxide overcoated mirrors that the surfaces be treated with 
ultraviolet radiation prior to their use. This w i l l  both increase the solar reflectance 
and provide good uniformity of  reflectance from sample to sample. 
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* 
6.2.2 Proton Radiation Effects---In the proton radiation effects studies on nickel-  
substrate mirrors the effects of proton energy, angle of incidence, integrated flux, 
and mirror  temperature were investigated. Specifically, energies i n  the range of 
2 to 30 keV, angles of incidence from 0 to 60 degrees, integrated fluxes from 
1 x 1015 to 2 x 1 O1 7 protons-cm-2, and mirror temperatures from -1 95O to 2OOOC 
were evaluated. A general summary of the proton test conditions experienced by 
the various types of electroformed nickel  mirrors is  given in Table I I  and a com- 
plete tabulation of proton test data is given i n  Appendix C. included in the 
appendix are a tabulation of temperature, energy, angle of incidence, integrated 
flux, and reflectance data.  T h e  results of varying each of the above parameters 
are discussed below in respective order. 

Energy Dependence Experiments: 

In the energy dependence experiments electroformed nicke l  mirrors having 
bare aluminum and 18008 thick si1 icon oxide overcoatings were irradiated with 
protons a t  energies of 2, 4, 8, 16, and 30 keV a t  a mirror temperature of OOC. 
An initial series of tests was performed a t  integrated fluxes of 1 x 
and 5 x 1016 protons-cm-2 for the purpose of establishing a measurable damage 
threshold a t  the various proton energies. A proton flux of about 1 x 1 013 
protons-cm-2 sec-l was used in al I experiments to avoid differences due to rate- 
effects, since i t  was not known whether the rate of exposure had any effect on 
optical damage. These tests showed that integrated flux values up to 5 x 10 16 
protons-cm-2 produced negligible reflectance changes. T h e  variations in reflect- 
ance due to possible energy-dependence effects were not significantly larger than 
experimental error or other effects.  Therefore, it was decided to irradiate a set 
of silicon oxide overcoated mirrors with a n  integrated flux of 1 x 1 017 protons-cm-2 
and energies varying f rom 2 to 30 keV. These particular samples were selected 
because they appeared to be more radiation sensitive and thus would show larger 
reflectance changes. 

5 x 1 0l5 

T h e  results of this experiment o n  the silicon-oxide overcoated mirrors are 
shown in  Figure 11 which is a plot of the change in specular reflectance in  percent 
against wavelength in microns. The limits of possible error due to non-reproduci- 
bility of reflectance measurements f rom day to day are shown on the 16 keV curve, 
although the same limits are  also applicable to the other curves. An examination 
of the curves in the 0.4 to  0.6 micron wavelength region reveals that the m a x i m u m  
reflectance change was produced by the 16 keV protons. Both the 16 and 30 keV 
protons produced significantly higher damage than the 2, 4, and 8 keV protons. 

The resulting change i n  solar specular reflectance (AR,) for the 16 keV curve 
wasARs =<0.773 - 0.715) = -0.058*, and for the 4 keV case wasARs ~30.755 - 

* A decrease i n  absolute solar specular reflectance will be indicated with a minus 
sign o n  the ARs value.  
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0.734) = -0.021 . These two values represent the upper and lower limits of solar 
specular reflectance changes produced by a l l  proton energies i n  these test samples. 

A t  the conclusion of the energy-dependence experiment i t  was decided to 
use 16 keV protons for subsequent tests because: (1)  maximum damage was produced 
in the silicon oxide coatings at that energy; and (2) sputtering efficiencies for 
most materials peak out i n  the 5 to 20 keV energy range (References 17, 18 and 19). 

Angle of Incidence Experiments: 

Proton angle of incidence experiments were conducted on the nickel mirror 
samples having bare aluminum and 18008 thick silicon oxide overcoatings. The 
obiective of this study was to determine the effect of irradiation at various proton 
incidence angles on reflectance changes. Mirror samples were irradiated with 
1 x 10 17 proton-cm-2 of 16 keV protons at angles of incidence of 0, 30 and 60 
degrees from normal. Detailed data from these tests are given i n  Appendix C. 
It should be noted that the integrated fluxes of particles reported in the table were 
measured in a plane that was normal to the axis of the beam. Therefore, the 
actual integrated flux on the surface of the mirror samples i s  reduced proportionally 
to the cosine of the angle of incidence. This irradiation technique was chosen 
because i t  i s  similar to the condition existing during irradiation in  space. 

The data on the electroformed nickel mirrors showed that a variation i n  the 
angle of incidence had only a small effect on the amount of degradation. No  con- 
clusions could be made because of the small changes observed and the insufficient 
number of irradiated samples. 

Integrated Flux and Mirror Temperature Experiments: 

To evaluate the effects of proton integrated flux and mirror temperature, 
tests were run at tem eratures of -1 95O, Oo, 1 OOO, and 2OO0C at integrated fluxes 
varying from 1 x 10” to 2 x 1017 protons-cm-2. Data i s  presented in respective 
order for mirrors with bare aluminum and overcoatings of thin Si203, 80002 thick 
Si2O3, and 17,0008 thick Si02 coatings. Typical data for the bare aluminum 
reflective surface showing the effect of protons on specular and diffuse spectral 
reflectances are shown in  Figure 12. Three different integrated flux levels are 
shown indicating the progression of degradation in  specular reflectance with in-  
creased proton dosage. A negligible change i n  diffuse reflectance was observed 
on these mirrors which i s  evidence that negligible sputtering or roughening of the 
surface occurred. The decrease in  specular reflectance must then be due to in-  
creased absorption. An increase i n  absorption could be due to: (1)  color center 
formation i n  the natural aluminum-oxide film, (2) conversion of a thin layer on 
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the aluminum reflective surface to a compound such as an aluminum hydroxide, or * 
(3) deposition of a thin contaminant f i lm on the surface. 

The effects of both proton integrated flux and mirror temperature on the 
solar specular reflectance of electroformed nickel mirrors are shown i n  Figure 13. 
The plot shows the change in  solar specular reflectance (AR,) vs. proton integrated 
flux with mirror temperature as a parameter. The negative change i n  reflectance 
(ordinate scale) on the graph actually represents a decrease i n  the absolute reflect- 
ance. A l l  data given were obtained using 16 keV protons at a flux of  about 
1 x 1013 protons-cm-2 sec.-l . Three mirror samples were irradiated for each data 
point to obtain better statistical data. The vertical bars on the curves represent 
the spread in  data between the three identical mirror samples and the circles are 
located at  the numerical average of the threeARs values. As noted in the Figure, 
the reflectance changes produced in these mirrors at the highest integrated f lux 
levels were barely larger than the instrumentation reproducibility. 

It i s  significant to note that the maximum degradation occurred for the 
mirrors irradiated at  -1 95OC, which suggests that the changes in reflectance ob- 
served may be a result of contamination. 
data was so large, as indicated by the data spread bars, no conclusions regarding 
contamination can be made. 
induced contamination in  kinetic vacuum systems showed that the rate of deposition 
of decomposed hydrocarbon f i  Ims increases very rapidly as the condensing surface 
temperature decreases. Thus, i n  our work, a large change i n  solar specular reflect- 
ance would have been observed on the -195'6 mirrors if contaminant f i l m  deposition 
had occurred. 

However, since the spread in the -195OC 

Prior work by Ennos (Reference 9) on electron- 

The spectral reflectance degradation (Figure 14) of  mirrors employing a 
18OOa thick Si203 overcoating was similar to that experienced on the bare alumi- 
num surface, except larger. It should be noted, however, that the diffuse reflect- 
ance of the silicon-oxide overcoated mirrors decreased slightly as a result of the 
irradiation. This phenomena i s  discussed in  more detail later i n  the report. 

The effects of protons on the solar specular reflectance of the nickel mirrors 
overcoated with 1800g of silicon oxide are shown i n  Figure 15. A relatively large 
variation occurred between identically irradiated samples as noted by the bars on 
some of the data points. No explanation for this variation can be given at this 
time. To determine whether highly absorbing Si203 films degraded more than 
slightly absorbing films, (see Sec. 6.2.1) three mirror samples from batch D17A 
to D34A (Appendix A) were irradiated at O°C. Data points for these samples, 
shown i n  Figure 15, indicate comparable degradation between mirror samples from 
the two coating batches. 

In contrast to results obtained on the majority of the silicon-oxide overcoated 
nickel substrate mirrors, the three samples from batch D17A to D34A exhibited a 
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delamination of vacuum deposited f i lms at random locations. Relatively large 4 

patches of the aluminum and Si20 films separated from the Si0 interface. The 

3mm in  diameter; however, the samples irradiated at 2 x 1 017 protons-cm-2 had 
lost about one-half of their reflective surface. The reflectance measurements on 
those mirrors which were irradiated with 5 x 1 O1 
were made in  the areas where no delamination occurred. However, the data point 
(Figure 15) given for the mirror sample exposed to 2 x 1017 protons-cm-2 i s  of 
questionable significance because so much of the aluminum f i l m  was missing. 

mirror sample irradiated at 1 x 10 37 protons-cm-2 exhibited only one patch about 

and 1 x 10 17 protons-cm-2 

In an attempt to explain why the one batch of nickel-substrate mirrors 
delaminated during irradiation, a review was made of the vacuum coating data 
(Appendix A). A comparison between the coating conditions for samples numbered 
1 to 66 vs. 17A to 34A indicates that the only significant difference was the 
temperature of the substrates during coating. The coatings which delaminated 
were applied at 8OoC vs. 100°C for the coatings which neither blistered nor de- 
laminated. This temperature difference may be significant because, as w i l l  be 
discussed later, coatings applied at ambient temperature blistered severely. The 
results obtained here suggest that additional work be done to evaluate the effect 
of vacuum coating procedures on the blistering or delamination of mirror surfaces. 

From a radiation-effect standpoint, i t  i s  of interest to determine whether 
proton-induced radiation damage continues to increase with increasing integrated 
flux or saturates at some maximum value of degradation. A continuous increase 
inARs would indicate the formation of new color centers by proton-induced dis- 
locations, whereas, a saturation of radiation damage would indicate that the 
protons are only energizing the color centers which are inherent i n  the oxide prior 
to irradiation. It would appear from the data ofARS vs. integrated flux that the 
change in reflectance reaches a saturation value. In general, very l i t t le or no 
additional damage occurred above 5 x 1 O1 protons-cm-2. N o  data were taken 
between 0 and 5 x 1 O1 
integrated f lux levels of 1 x 10’ and 5 x 1 O1 
and a mirror temperature of O°C showed that the threshold of significant damage 
(nRs ~ 0 . 0 1 )  was between 5 x 1015 and 5 x 1 O1 

protons-cm-2 with 16 keV protons; however, tests at 
protons-cm-2 using 2 keV protons 

protons-cm-2. 

As noted i n  the figure, a t  an integrated flux level of 2 x protons-cm-2, 
the -195OC samples showed less damage than the 00, 100°, and 2OOOC samples 
which were a l l  equivalent. This result i s  an indication of the cleanliness of the 
vacuum system. The change in  reflectance of the latter three i s  comparable to the 
AR, obtained for the Oo and 5OOC silicon-oxide overcoated aluminum-substrate 
mirrors discussed later. This agreement i s  expected i f  the change i n  reflectance 
i s  due to increased absorption i n  the silicon-oxide overcoatings. 
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i In addition to the increase i n  absorption i n  the silicon-oxide coatings, 
other proton effects were found i n  these mirrors. A series of electron photomicro- 
graphs were prepared from replicas of silicon-oxide surfaces irradiated at O°C. 
I t  was noted from these photomicrographs (Figures 16, 17, 18, and 19) that the 
surfaces became much smoother when the integrated flux was increased from 
5 x 1016 to 1 x 1 O1 
protons-cm-2 showed no change from an unirradiated surface. Similarly, a surface 
irradiated with 2 x 1017 protons-crn-2 showed l i t t le change from the surface which 
was exposed to 1 x 1017 protons-cm-2. Based on the photomicrographs, i t  was 
concluded that silicon oxide was removed from the surface by either a sputtering 
or spallation process. The amount of  silicon oxide that could be removed by 
sputtering after 2 x 1017 protons-cm-2 was calculated to be only about 6A, based 
on a sputtering yield given i n  Reference 19. Thus, i t  i s  most l ikely that the sur- 
faces were made smoother by a blistering or spallation process. The improvement 
i n  surface finish noted here has been previously observed i n  References 20 and 21. 
In a recent report on studies of proton-induced blistering of metal surfaces 
(Reference 22) i t  was shown that anodic aluminum-oxide films on aluminum spa11 
off as a result of  irradiation with 30-50 keV protons. 

protons-cm-2. A surface irradiated with 5 x 1 O1 

As noted earlier, diffuse ref lectances of silicon-oxide overcoated surfaces 
decreased as a result of the proton irradiation. It was also pointed out earlier that 
the diffuse reflectance of the oxide overcoated surfaces was larger than that of  the 
bare aluminum surfaces. Assuming that the higher diffuse reflectance on the 
unirradiated oxide-coated mirrors was due to l ight scattering from the non-specular 
surface of the oxide, the smoothing of the surface during irradiation could account 
for the decrease i n  diffuse reflectance. 

Results of proton experiments on nickel mirrors overcoated with 800061 of 
Si203 w i l l  now be discussed. These mirror Sam les were irradiated at integrated 
flux levels of 5 x 1016, 1 x 1017, and 2 x lo1? protons-cm-2 at a temperature 
of OOC. Typical spectral reflectance data for a mirror of this type before and 
after irradiation i s  given i n  Figure 20. The irradiation with 2 x 1017 protons-cm-2 
resulted primari ly i n  a decrease in  specular reflectance in the wavelength region 
from 0.3 to 0.5 micron. A slight shift in interference maxima and minima to 
shorter wavelength was also experienced although precise amounts could not be 
determined from the point-by-point reflectance data. Since the diffuse reflect- 
ance showed nearly a negligible change, the decrease in  specular reflectance 
can probably be attributed to increased absorption i n  the silicon oxide film. The 
integrated values of solar specular reflectance before and after irradiation were 
RS = 0.756 and Rs = 0.738, respectively. 

Infrared reflectance data were also measured before and after irradiation 
with protons. The purpose of this measurement was to determine whether the pro- 
tons caused any change in the lattice structure or stoichiometry of the silicon 
oxide. Any change in  the composition of the oxide should result i n  a change i n  
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Figure 16: PHOTOMICROG PH OF UNIRRA 

OGRAPH OF S I II CON-OX1 DE SURFACE 
WITH 4.7 X 1016 PROTONS- 
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F i g u r e  18: PHOTOMICROGRAPH OF SILICON-OX1 DE SURFACE 

(16 keV, 00 C) 
IRRADIATED WITH 1 x 1017 PROTONS-CM-2 

F igu re  19: PHOTOMICROGRAPH OF SILICON-OX1 DE SURFACE 

(16 keV, Oo C) 
IRRADIATED WITH zx 1017 PROTONS-CM-2 
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*either the magnitude or wavelength position of the infrared absorption peaks. 
The effect of the protons on the infrared spectra of the Si203 coating was small 
as noted i n  Figure 21. The 11.4 micron absorption peak was eliminated and i t  
appears that a peak started to form at about 12.5 microns. Insufficient reflect- 
ance changes occurred to conclude that any significant chemical compound 
changes occurred. 

I t  i s  interesting to compare the wavelengths of the various rotational, 
vibrational and infrared interference peaks obtained here with those obtained in  
Reference 16. According to the reference, the chemical compound of  Si203 
should exhibit absorption peaks at a wavelength of 9.6 to 9.8 microns and at 
11.5 microns. The reflectance data on the unirradiated surface shows a very 
strong absorption peak at 9.85 microns and a very weak peak at 11.4 microns, 
which i s  i n  good agreement with the reference data. Thus, the labeling of the 
silicon oxide coatings as Si203 i s  apparently justified. 

A summary of the effects of protons on the solar specular reflectance of 
mirrors coated with 80004 thick Si203 films i s  given in  Figure 22. As noted in 
the figure, the change in  reflectance below an integrated flux level of 5 x 10l6 
protons-cm-2 was assumed to be negligible. At  2 x 1017 protons-cm-2 the average 
decrease in  specular reflectance was only AR, = -0.022. Comparing this data to 
that obtained with the 18006: thick Si203 coatings, i t  can be seen that the thicker 
coatings degraded less for some unknown reason. 

Results of proton experiments on nickel substrate mirrors overcoated with 
1700a thick Si02 coatings w i l l  now be discussed. Reflectance data showing 
typical proton effects i s  given in Figure 23. The irradiation produced both a 
slight increase i n  the amplitude of oscillation of interference maxima and minima 
and a shift of their positions to shorter wavelength. Based on optical interference 
theory, an increase in  amplitude i s  indicative of an increase i n  the refractive 
index of the silicon oxide, and the shift i n  wavelength indicates either a decrease 
in  refractive index or thickness of the oxide f i lm.  The proton irradiation also pro- 
duced a small decrease i n  the diffuse reflectance i n  the wavelength region less 
than 0.6 micron. Solar specular reflectances of the mirror sample shown in  
Figure 23 before and after irradiation were Rs = 0.762 and Rs = 0.740, respectively. 

Infrared reflectance data, measured before and after irradiation with 
2 x 1017 protons-cm-2, are shown in Figure 24. As noted in the figure, protons 
had an insignificant effect on the infrared reflectance spectra. The relatively 
small changes i n  absorption peak amplitudes are not conclusive of any crystalline 
or chemical changes and may well  be due to instrumentation problems. 

A comparison was made between the wavelength positions of absorption peaks 
observed on Si02 overcoated mirror samples and those given in References 16 and 23 
for quartz, The data given in Reference 16 indicates that quartz should show 
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characteristic peaks at 9.5 and 12.5 microns. In Reference 23, absorption peaks 
are shown at 3.1, 9.1, 12.5, 12.8, and 14.4 microns. The vacuum-deposited 
fused silica shows comparative peaks at 3, 9.5, and 12.5 microns; however, 
additional peaks are shown which cannot be explained at this time. It i s  possible 
that the additional peaks are clue to infrared interference phenomena associated 
with refractive index changes near vibrational and rotational peaks (Reference 24). 
Based on the infrared spectra, i t  cannot be definitely concluded that the vacuum 
deposited overcoatings are identical to quartz. 

’ 

A summary of the effects of protons on the solar specular reflectance of 
Si02 overcoated nickel mirrors i s  shown in  Figure 25. As noted in the figure, 
the solar specular reflectance of  the Si02 overcoated mirrors actually increased 
at integrated fluxes of 5 x 1 O l 6  and 1 x 10 17 protons-cm-2. At 2 x 1017 
protons-cm-2, however, a slight decrease in  reflectance was obtained. A com- 
parison beiween the Si203 coating data (Figure 22) and the Si02 data (Figure 25) 
indicates a slightly higher stability for the latter coating. In general, the effects 
of 16 keV protons on both types of oxide was smal I 

6.2.3 Ultraviolet Radiation Effects---A general summary of ultraviolet test con- 
ditions experienced by the various types of electroformed-nickel mirrors was given 
earlier i n  Table 1 1 1 ,  and a complete tabulation of ultraviolet test data i s  given in 
the Appendix B. Included i n  the appendix are a complete tabulation of test hour 
increments, u I trav io  let intensities, total equ iva lent exposures , mirror tempera - 
tures, solar specular reflectances before and after irradiation, and the changes in  
solar specular reflectance. 

Data for the various combinations of overcoatings on electroformed-nickel 
mirrors which were irradiated at different temperatures are given in  Figures 26, 
27, 28, and 29. Curves showing the change i n  solar specular reflectance vs. 
equivalent space sun hours (ESSH) are given for bare aluminum reflective surfaces, 
and data points are shown for the oxide overcoated surfaces. Each figure repre- 
sents a different irradiation temperature. It w i l l  be noted i n  examining the figures 
that three curves have been plotted for each temperature, representing data from 
the three assumed identical mirrors. This particular way of showing the data was 
chosen because i t  i I lustrates the significant difference between mirrors prepared 
in  different batches. The results of ultraviolet radiation tests on the bare aluminum 
surfaces wi I I be discussed first. 

A comparison of the degradation obtained with the bare aluminum surfaces 
at different temperatures shows that the amount of degradation obtained does not 
vary by a conclusive amount with temperature. It should also be noted that a 
saturation effect was found where, i n  general, l i t t le  or no additional degrada- 
tion occurred after a 2000-4000 ESSH exposure. Similar saturation characteristics 
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are normally observed i n  ultraviolet irradiation of paints and anodic oxide coatings, 
where the principle mechanism of damage i s  the formation of  color centers. The 
saturation value i s  established by the number of lattice defects available for form- 
ing color centers. The difference i n  degradation between the aluminum-coated 
samples prepared in  different batches, for example C2 vs. C8A in  Figure 26, may 
suggest a mechanism of damage for the aluminum surfaces. An examination of the 
differences between the vacuum coating data i n  the two batches shows that the 
mirrors with an "A" following the sample number (C8A) were coated at a pressure 
of 1 x 10-5 torr vs. 5 x 10-6 torr for the other batch, Prior experiments reported 
in Reference 25 have shown that more aluminum oxide i s  present i n  vacuum 
deposited aluminum f i lms prepared at higher pressures than in  those prepared at 
lower pressures. The fact that the f i lms prepared at higher pressure both degrade 
more and contain more aluminum oxide suggests that color centers i n  the oxide 
may account for the degradation observed. In  general, the amount of degrada- 
tion obtained on the aluminum coated surfaces at the saturation value was small, 
AR, = -0.01 to -0.03 for one batch and -0.04 to -0.07 for the other batch. It 
i s  significant, however, that a small amount of degradation does occur and that 
i t  i s  probably dependent on coating conditions. The effects of ultraviolet radi- 
ation on the mirror samples overcoated with silicon oxide f i lms w i l l  now be 
discussed 

Results of ultraviolet experiments on the 180061 thick Si203 overcoated 
mirrors are shown by data points i n  Figures 27, 28, and 29. Although mirrors of 
this type were irradiated at -195OC, i t  appeared that they had become contamin- 
ated during the test and thus the data have not been included. The amount of 
degradation experienced on these mirrors was i n  the order of AR, = -0.04 to 
-0.06 at the 2700 ESSH increment for temperatures of 0' and 5OoC. At a tempera- 
ture of 200OC, however, the degradation dropped to ARS = -0.02 to -0.03. 

Data for the 80008 thick Si203 and 17,OOO,l? thick Si02 overcoatings, shown 
in  Figure 27, surprisingly shows nearly negligible degradation for those two coat- 
ings after about 2500 to 4000 ESSH exposures. Since this amount of degradation 
was significantly less than that noted above for the 18OOg thick Si203 overcoatings, 
an attempt was made to explain this difference. The possibility of contamination 
was eliminated because a l l  of these mirror samples were irradiated i n  the same 
test. An examination of the vacuum coating data revealed that the thicker coat- 
ings had been applied at both a higher pressure and temperature (1 x 10-4 torr 
and 100°C vs. 8 x lom5 torr and 8OOC). It i s  not presently known whether these 
relatively small differences i n  vacuum coating conditions would affect the ultra- 
violet stability of the coatings. Results of an ultraviolet irradiation experiment 
i n  which in-situ reflectance measurements were made w i l l  be discussed next. 

An in-situ reflectance measurement experiment was conducted on electro- 
formed nickel substrate mirrors to determine whether annealing of radiation-induced 
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6. optical absorption occurred when mirror surfaces irradiated in vacuum were 
exposed to ambient atmospheric conditions. Thus, the val idity of "in-air" re- 
flectance measurements which were performed on the majority of the ultraviolet 
irradiated mirror surfaces i n  the program, could be established. A complete set 
of reflectance measurements were made i n  air and vacuum both before and after 
irradiation on nickel mirrors which were overcoated with 18OOa Si2O3, 80008 
Si203 and 17,OOOA) Si02 coatings. Bare aluminum surfaces were not evaluated 
because an earlier experiment had shown no change i n  reflectance during pump- 
down and only a negligible change during irradiation. It should be noted that 
only the hemispherical (specular-plus-diffuse) reflectance was measured in these 
tests . 

Results of the i n s i t u  reflectance experiment i n  general showed that no sig- 
nificant change i n  solar reflectance occurred i n  either the transition from air-to- 
vacuum or vacuum-to-air . Furthermore, the amount of degradation measured i n  
vacuum was in  the order of the amounts measured on other mirror samples i n  air. 
Therefore, i t  i s  concluded that in-air reflectance measurements performed on the 
maiority of the mirrors i n  this program appear to be valid. However, an interest- 
ing effect was observed i n  the tests which should be discussed because of i t s  sig- 
nificance to space optical systems employing interference filters. It was found 
that the wavelength position of reflectance maxima and minima shifted during 
either evacuation, readmission of air, or irradiation. The vacuum deposited 
Si02 f i l m  was a particularly good example of this effect. A plot of the relative 
spectral reflectance* of this type of mirror, as measured with the in-situ reflecto- 
meter, i s  shown in  Figure 30. Curves are given for conditions of in-air and in- 
vacuum both before and after irradiation with ultraviolet. As noted i n  the figure 
the positions of maxima and minima shifted to shorter wavelengths during irradi- 
ation, and shifted to longer wavelengths when air was readmitted to the chamber. 
It i s  interesting that the permanent shift in  wavelength observed here i s  comparable 
and i n  the same direction as the shift observed during other proton and ultraviolet 
tests. No  explanation for the shift i n  wavelength of interference maxima and 
minima can be given at this time. It is  recommended that additional experiments 
be performed on dielectric interference coatings to study this effect and to assess 
its significance to space optical systems employing interference coatings. 

The results of i n s i t u  reflectance experiments on the 800061 thick Si203 
coating are shown i n  Figure 31. I n  contrast to results obtained on the Si02 
coating, the Si203 only shifted i n  wavelength during irradiation. Also, the 
reflectance i n  the wavelength region of less than about 0.32 micron increased 
during irradiation, indicating a decrease in  absorption i n  the oxide f i lm. 

* Absolute spectral reflectances could not be obtained with the in-situ reflecto- 
meter. 
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6.2.4 Combined Proton-Ultraviolet Radiation Effects---An experiment was 
performed to determine whether any synergistic effects occur when mirrors are 
irradiated with both proton and ultraviolet radiation simultaneously. This 
experiment was of interest because prior tests by others and the bulk of the tests 
in  this program were run with only one component of the space environment 
present. To ascertain whether synergistic effects occur, mirrors were irradiated 
at O°C with a simultaneous exposure of 5 x protons-cm-* and 500 ESSH of 
ultraviolet radiation. I n  addition, mirrors which had been irradiated with 
5 x 10 16 protons-cm-2 were subsequently exposed to 500 ESSH of ultraviolet 

radiation. Resu I t s  of the simultaneous and sequential irradiation tests are given 
in Figures 32, 33, 34, and 35, which are plots of the change in  spectral, specular 
reflectance ( A R  Figures 32 and 33 show results for bare aluminum coated 
electro-formed nickel mirrors and Figures 34 and 35 show data for these mirrors 
overcoated with 1800& of Si2O3. 

Results of the simultaneous irradiation experiments on the bare aluminum 
reflective surfaces (Figure 32) show that a small synergistic effect may have 
occurred. The change in  spectral reflectance for the simultaneously irradiated 
mirror was slightly larger than the sum of the changes for the individual mirrors. 
However, additional tests should be run at higher exposures to definitely conclude 
whether a synergistic effect occurred because of the deviations between like- 
samples, possible instrumentation errors, and the relatively smal I changes in  
specular reflectance that occurred. Deviation bars on the proton-only curve 
represent the spread in  data between three identically irradiated samples. No 
deviation bars are shown on the combined environment or ultraviolet-only curves 
since only one mirror sample was irradiated in  each of the tests. The changes in  
solar specular reflectance ( AR,) for the proton-only and ultraviolet-only tests 
were negligible and the change in the combined-environment test was only 
AR, = -0.016. 

In the experiment i n  which a bare aluminum coated mirror was irradiated 
with ultraviolet radiation after proton irradiation (Figure 33), results showed 
that more ultraviolet-induced damage was produced when the surface had been 
pre-irradiated with protons. No explanation for this increased degradation can 
be given at this time. Solar specular reflectance changes for the mirrors irradiated 
with ultraviolet-after-protons and ultraviolet-only were AR, = -0.042, and 
-0.01 9, respectively. 

The simultaneous irradiation of Si203 overcoated mirrors (Figure 34) 
esulted i n  a larger-than-additive effect in the wavelength region less than 0.45 b icron and a Iess-than-additive effect in  the region from 0.45 to about 0.8 micron. 

Changes in solar specular reflectances for the proton-only, ultraviolet-only, and 
proton + ultraviolet curves were ARs = -0.024, -0.015, and -0.078, respectively. 
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16. was concluded for the oxide-coated mirror that a complicated synergistic effect 
may have occurred, although more tests should be conducted to verify the results. 

The effect of prior irradiation with protons on the ultraviolet-induced de- 
gradation of oxide-overcoated mirrors i s  shown i n  Figure 35. As noted from the 
curves, the mirror sample which had been pre-irradiated with protons showed less 
degradation. Changes in  solar specular reflectances for the pre-proton irradiated 
and ultraviolet-only curves were AR, = -0.032 and -0.049, respectively. In 
contrast to results obtained on aluminum surfaces, the silicon-oxide f i  Ims exhibited 
a double-peak absorption spectra for the mirror sample which had been pre- 
irradiated with protons. This i s  indicative of color center formation. 

A general review of the data from the synergistic-effects tests indicates that 
synergistic radiation effects probably occurred, but that additional experiments 
need to be conducted before definite conclusions can be made. In future experi- 
ments of this type i t  i s  recommended that: (1) more than one identical sample be 
exposed at each test condition; (2) higher radiation doses be used to provide larger 
reflectance changes for analysis; and (3) a l l  tests should be run i n  the same vacuum 
system to eliminate the possibility of contamination occurring in  one of the systems. 

6.2.5 Electron Radiation Effects---Electroformed nickel mirrors with overcoatings 
of Si203 (800081) and Si02 were irradiated with nominal integrated fluxes of 
5 x 1016, 1 x 1017, and 2 x 1 017 electrons-cm-2 at 16 keV energy. Mirror temp- 
eratures were controlled at O°C during this experiment. The primary purpose of 
the electron experiments was to obtain reflectance degradation data which could 
be compared with data from proton and ultraviolet experiments. It was hoped that 
equivalence factors could be developed for the three different types of radiation. 

A summary of the results of electron radiation experiments i s  given i n  Table V. 
As noted i n  the table, the Si203 overcoated mirrors showed more optical degrada- 
tion than Si02 overcoated mirrors. A slight increase in  reflectance was obtained 
with Si02 overcoatings as was encountered i n  proton experiments. In general, the 
degradation i n  reflectance produced by any type of radiation i n  these coatings 
was too small to permit the calculation of equivalence factors. 
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TABLE V. SUMMARY OF ELECTRON IRRADIATION DATA 

Integrated Flux 
;ample NO. (electrons-cm-2) 

Solar Specular Reflectance 
’ Before 

E8 

E9 
E l  6 

F20 

F15 

F16 

r 4.6 1016 0.776 0.782 

0.781 0.765 
0 807 0.768 
0.764 0.776 

0.762 0.759 

0 760 0.769 

1 6  

17 
16  
16  

17 

9 . 8  x 10 

1.8 x 1 0  

5 . 1  x 10 

9.7 x 10 

2 . 0  x 10 

Change i n  
Ref lec t anc e, 

ARS 

0.006 

-0.016 
-0.039 

0.012 

-0.003 

0 * 009 

The effect of electrons on the spectral reflectance of Si203 and Si02 coat- 
ings was a small shift in wavelength to shorter values of interference maxima and 
minima. The shift of the interference peaks was indicative of either a decrease 
in  oxide f i l m  thickness or refractive index. A slight increase i n  absorption was 
noted i n  the data for the Si203 overcoated mirrors in the wavelength region less 
than 0.5 micron. The Si02 overcoated mirror did not show a similar increase in 
absorption, thus indicating i t s  greater stability. 
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6.3 Stretch-Formed Aluminum Mirrors 

Included in this section of the report are typical reflectance data  and 
discussions of results of proton, ultraviolet, and combined proton/ultraviolet 
radiation experiments on stretch-formed aluminum mirrors. Each of these general 
items will be discussed i n  respective order. 

6.3.1 Typical Reflectance Data---Typical reflectance data for stretch-formed 
a luminum mirrors havin g both bare a luminum and silicon oxide overcoated reflec- 
tive surfaces are shown i n  Figure 36 .  As noted in the figure, the Si203 overcoating 
causes a significant reduction in reflectance.  Average solar specular reflectances 
of the bare and protected a luminum surfaces were Rs = 0.890 and 0.865, respec - 
tively . 
6.3.2 Proton Radiation Effects---In the proton radiation studies the effects of 
angle of incidence , energy, integrated flux and mirror temperature were investi- 
gated. These various items are discussed below in respective order. A general 
summary of proton test conditions was given in Table I I  and a detailed tabulation 
of proton test data is given i n  Appendix C. 

Angle of Incidence Experiment: 

In the angle-of-incidence experiment mirror samples were irradiated a t  
angles of 0, 30 and 60 degrees from normal,  a n  integrated flux of 1 x 1017 protons- 
cmm2 (16 keV), and a temperature of O O C .  A significant angle-of-incidence effect 
was observed on samples having bare a luminum coatings as shown i n  Figure 37. It 
was found that the degradation i n  reflectance became progressively larger as the 
angle of incidence from normal was increased. Solar specular reflectance (Rs) 
values shown in the figure for the various curves ranged from Rs = 0.876, for a 
sample irradiated normally, to R = 0.828 for the 60-degree case.  It is interesting 
to note that the change in specular reflectance is much larger than the change i n  
diffuse reflectance a t  any given wavelength. The fact  that the two values of 
change are not equivalent indicates a n  increase in  absorption o n  the reflective 
surface. 

An electron microscope examination of the surfaces revealed that the 
primary cause of reflectance changes from the proton irradiation was blister 
forma tion. A series of photomicrographs of the reflective surfaces represented 
i n  Figure 37 is shown in Figures 38, 39, 40 and 41. The technique used to prepare 
the photomicrographs was described earlier i n  the report. An analysis of blister 
sizes was performed on the photomicrographs to determine the change in size 
distribution as  the angle of incidence was varied. A plot showing the effect of 
irradiation angle  of incidence on the size  distribution is shown in Figure 42. Note 
that the ordinate represents the integral number of blisters, N( >D). Two significant 
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Figure  38: PHOTOMICROGRAPH OF UNIRRADIATED BARE 
ALUMINUM COATED, ALUMINUM SUBSTRATE 
MI RROR 

F igure  39: PHOTOMICROGRAPH OF BARE ALUMINUM COATED, 
ALUMINUM SUBSTRATE MIRROR IRRADIATED AT 
NORMAL ~ N C I  DENCE (1 x 1017 protons-cm-2, 00 C, 
16 keV) 

/ 
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Figure  40:- PHOTOMICROGRAPH OF BARE ALUMINUM COATED, 
ALUMINUM SUBSTRATE MIRROR IRRADIATED AT 
30° FROM NORMAL (1 x 1017 protons-cm-2, 0' C, 16 keV) 

F igu re  41: PHOTOMICROGRAPH OF BARE ALUMINUM COATED, 
ALUMINUM SUBSTRATE MIRROR IRRADIATED AT 
60' FROM NORMAL 11 X 1017 protons-cm-2, 00 C, 
16 keV) 
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1 

observations can be  made from the data: (1) the total number of blisters within a 
given area remained about constant for all three angles of incidence (-180); and 
(2) the size distribution changed from predominantly small blisters (less than 0.5 
micron diameter) to a mixture of small and large blisters which vary up to about 
2 microns in diameter. 

' 

The formation of blisters on metallic surfaces has been attributed to the 
agglomeration of hydrogen gas at lattice imperfections, grain boundaries , and 
vacuum-deposited f i lm interfaces (References 12, 21 , 22, and 26). Anderson 
(Reference 26) has noted that the s ize  and density (number,fcm2) of blisters observed 
on gold-coated aluminum are a function of the gold-film thickness Other known 
variables in the blistering process are the substrate and film material , the rate of 
bombardment , and the incident-ion energy and species. In addition , as wi II be 
discussed later, it was discovered in this program that the blistering is highly 
temperature dependent. 

It has been observed in this program that the blister formation represents a 
separation of the vacuum-deposited f i  Ims . Irradiation of samples a t  5OoC produced 
large blisters that ruptured, thus revealing the underlying silicon monoxide film. 
Assuming that all blisters formed a t  this depth, it is of interest to correlate the 
variation in blister size and density a t  various angles of incidence to the theoretical 
mean penetration depth* of protons in the material. For urposes of this discussion 

of this report). Considering the uncertainties in both theory and experiments and 
the similar stopping power for aluminum, silicon oxide (Si2O3), and  quartz, the 
same value will be assumed for all three coatings. A schematic cross section of a 
typical bare aluminum coated, aluminum substrate mirror indicating the range of 
16 keV protons is shown in Figure 43. The two extreme cases, 0- and 60-degree 
incident angles, are shown. If the assumption is made that the stopped protons or 
hydrogen atoms are scattered uniformly throughout the depth of the path length, 
it can be shown by calculation that the density of hydrogen atoms in the material 
is the same for both the 0- and 60-degree cases. Thus, the density of hydrogen 
atoms in the vicinity of the aluminum/SiO interface is the same for both cases, 
and no difference in the character of the blisters should occur.  Since the electon 
photomicrographs showed a significant difference between the two cases , i t  is 
apparent that  the assumption of uniform distribution of hydrogen atoms is not valid.  
A better assumption to make based on energy dependence experiments , theoretical 
considerations for proton diffusion or scatter in the material as discussed later and 
data  from Reference 27, is that the majority of the protons stop near the predicted 
mean penetration depth. Thus, as the plane a t  the mean penetration depth moves 
toward the aluminum/SiO interface, due to an increase in the angle  of incidence, 
blistering becomes more severe. 

the mean penetration depth was found to be about 3000 1 in quartz (see Sec.  6.5.3 

*The "mean penetration depth" i s  defined as the depth a t  which the number of 
incident particles has been reduced to 50 percent. 
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Figure 43: PROTON PENETRATION I N  A BARE ALUPAINUN~ COATED, 
ALUM INUM SUBSTRATE A4 I RROR 
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It was concluded from the above observations that there i s  a significant 
angle-of-incidence effect when blistering occurs. In general, the variation in 
blistering with angle of  incidence i s  believed to be due to the non-vniformity of 
particle deposition in the material and hydrogen agglomeration at a given vacuum - 
deposited fi Im interface. Similar effects have been obtained in the energy dependence 
experiments as wi I I be discussed next. 

Energy Dependence Experiment: 

An energy dependence study was made early in the program wherein 
energies of 2, 4, 8, and 16 keV were evaluated. However, since integrated flux 
values in the range of 1 x 1015 to 5 x 10l6 protons-cm'2 were used in this study, 
no significant degradation occurred. Later i n  the program when the angle-of- 
incidence blistering effect was discovered i t  was decided to re-run a few energy 
dependence tests on bare aluminum surfaces at  an integrated flux level of  1 x 10 17 
protons-cm-2 (OOC). The primary purposes of  this later experiment were to deter- 
mine whether the results obtained by varying the angle of incidence could be 
duplicated by varying the proton energy, and to obtain quantitative data on blister 
sizes, heights, and densities. It was theorized that i f  the blisters were a l l  occurr- 
ing at the aIuminum/SiO interface, then there should be an optimum energy for 
producing b listers, In other words, the energy which deposits the maximum number 
of protons near the sensitive interface would be optimum. Energies above or below 
this should produce a lower density of smaller blisters or no blisters. 

Energies of 4, 6.4, 13.3, 21.3 and 27 keV were used i n  addition to the 
prior data obtained using 16 keV protons, These energies were chosen to obtain 
maximum penetration depths of 1230, 1700, 2700, 3540, and 4000 i, respectively, 
i n  the vacuum deposited films. 

It was anticipated that the blistering produced with protons having a 
mean penetration depth of about 1500 A should be comparable to results obtained 
with 16 keV protons a t  a 60-degree angle o f  incidence. The effects of varying 
proton energy on the spectral, specular and diffuse reflectances are shown i n  
Figure 44. As noted i n  the figure, maximum degradation was obtained with the 
6.4 keV protons which have a mean penetration range of about 1700 A. Comparing 
data i n  Figure 44 for the 6.4 keV protons to that given i n  Figure 37 for the 60- 
degree angle of incidence case, i t  can be seen that the spectral degradation in 
specular reflectance i s  roughly comparable. Data for the mirror sample irradiated 
with 13.3 keV protons are not shown in  Figure 44 because i t  was suspected that 
erroneous reflectance values had been obtained. 

Photomicrographs made of the irradiated surfaces are shown i n  Figures 45, 
46, 47, 48 and 49. Several significant observations can be made from the series 
of photomicrographs: (1) the surface irradiated with 13.3 keV protons exhibited 
comparable blistering to the 6.4 keV sample and thus it probably would have shown 
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Figure 45: P H O l O M l C R ~ G R A P H  OF BARE A L U M I ~ U M  COATED, 
ALUMINUM SUBSTRATE MIRROR IRRADIATED WITH 
4 kev PROTONS, (1 x 1017 protons-cm-2) 
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Figure 46: PHOTOMICROGRAPH OF BARE ALUMINUM COATED, 
ALUMINUM SUBSTRATE MIRROR IRRADIATED WITH 
6.4 keV PROTONS (1 x 1017 protons - cm-2) 
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Figure 47: PHOTOMICROGRAPH OF BARE A l U M l ~ U M  COATED, 
ALUMINUM SUBSTRATE MIRROR IRRADIATED WITH 
13.3 keV PROTONS (1 x 1017 protons - cm'*) 
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Figure 48: PHQTOMICRQGRAPH OF BARE ALUMINUM COATED, 
A L U M I N U M  SUBSTRATE MIRROR IRRADIATED WITH 
21.3 keV PROTONS (1 x 1017 protons - cm-2) 
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Figure 49: PHOTOMI~ROGRAPH OF BARE A L U ~ I ~ U M  COATED, 
ALUMINUM SUBSTRATE MIRROR IRRADAATED - WITH 
27 keV PROTONS (1 x 1017 protons - cm 1 

83 



a similar change i n  reflectance; (2) the mirror samples irradiated with 6.4 and 13.3 
keV protons have two distinctly different size groups of blisters; and (3) energies in 
excess of about 20 keV produce only small blisters which appear to be in a s ize  
class of their own. The distinctly different s ize  classes of blisters suggests that  
agglomeration may be occuring at the a luminum /Si0 interface, the SiO/epoxy 
interface, and i n  the bulk of the coatings. Since insufficient t i m e  was available 
prior to completion of the contract, interferometric blister-height and size distribu- 
tion measurements could not be performed. It is recommended that additional work 
be  performed to correlate the blister s ize  distributions and height-to-diameter 
ratios to proton energies and agglomeration sites. 

Integrated Flux and Mirror Temperature Experiments: 

In the study to determine the effects of proton integrated flux and mirror 
temperature o n  the optical degradation of stretch-formed a luminum mirrors , inte- 
grated flux levels of from 1 x 1015 to 2 x protons-cm-2 and temperatures of 
-195', O', and 50'C were evaluated. This selection of temperatures was made 
based on results of temperature-only tests on the epoxy-coated aluminum substrates. 
These tests showed that severe reticulation of the reflective surface occurred a t  
temperatures in excess of 80'C. Since i t  was desired to study radiation-induced 
effects , temperatures below the 80'C threshold were used. Similar to the other 
experiments, a particle energy of 16 keV and a flux of abouf 1 x 1013 protons-cm'* 
sec'l were used. Data will be presented in  respective order for the bare a lumi-  
n u m  and Si203 overcoated mirrors. 

The  effects of integrated flux and mirror temperature o n  the change in solar 
specular reflectance are shown i n  Figure 50. As noted i n  the figure, a large 
dependence of proton-induced optical damage on temperature was found for the 
a luminum substrates with bare a luminum reflective surfaces. Surprisingly, tempera- 
tures of -195' and 50'C both produced much  more  damage than O'C. The mechanism 
of degradation was blister formation as discussed earlier. A temperature of 50'C 
produced severe spallation of the a luminum f i lm during irradiation. Visual 
observations during irradiation of samples at 50'C indicated that the threshold of 
spallation was a t  a n  integrated flux of about 7 x 1016 protons-cm'2. The  
appearance of small blisters, as noted by the diffuseness of the surface, was a t  an 
integrated flux that was only several percent lower. Thus, a very sharp threshold 
of damage is shown for the 50'C curve in Figure 50. A 50'C sample was measured 
several hours after irradiation and again after 890 hours to determine whether the 
blisters continued to form.  It was found that the reflectance did not change i n  that 
time period; therefore, it is assumed that the blister formation process did not con- 
tinue after irradiation. 

The  blisters produced o n  the O'C samples formed during the irradiation, 
but did not cause spallation of the reflective surface. Similar to the 50'C samples, 
reflectance measurements made after several hours and 1490 hours showed no 
further blister formation after irradiation . 
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It was found that the aluminum coatings that were irradiated at -195OC didd 
not blister during irradiation. However , blistering as evidenced by diffuseness of the 
reflective surfaces began to occur within an hour after irradiation. Mirror samples 
were returned to ambient pressure and temperature immediately after irradiation. 
Reflectance measurements performed on mirrors of this type after several hours and 
600 hours showed a significant change in  Ai$ as noted by the data point (with 
arrows) i n  Figure 50. A 1200-hour time check on two mirrors which were irradiated 
at - 195OC and 5 x 1016 protons-cm"2 showed that their reflectances had decreased 
slightly (1 to 2 percent). A visual observation of three mirrors which had been 
exposed to 1 x 1017 protons-cm-2 at -195OC revealed that sparse visible blistering 
had occurred after about 9 to 14 months. It i s  probable that the reflectance change 
shown i n  Figure 50 for -195OC and 1 x 10'7 protons-cm-2 would be slightly larger 
i f  the mirrors had been remeasured near the end of the program. 

In regard to the delayed blistering on the cold-irradiated samples, the 
observed effects may be due to subsequent warming of the mirror sample. In other 
words, in-situ reflectance measurements would probably show l i t t le or no degradation 
in  the same time period. The delayed-blistering phenomenon i s  probably caused by 
"freezing" of hydrogen atoms i n  the lattice during irradiation and their increased 
mobility when the sample i s  returned to ambient temperature. The increased 
mobility allows the hydrogen to diffuse to the interface where agglomeration occurs. 
The fact that the cold-irradiated surfaces eventual ly degrade more than the surfaces 
irradiated at O°C indicates that less hydrogen escaped from the cold material than 
the warm material during irradiation. It may be speculated that when the sample 
temperature i s  sufficiently high to permit the diffusion of hydrogen during irradia- 
tion, the diffusion i s  aided by thermal spikes produced by the protons. The effect 
of proton-induced thermal spikes on the diffusion of hydrogen has been discussed 
by Zel ler, e t  al . (Reference 28). 

The phenomena of blistering requires considerable additional investigation 
to obtain a better understanding of the processes involved. In addition to being 
dependent on the various parameters mentioned earlier i n  the discussion on angle- 
of-incidence effects, i t  i s  quite probable that the blistering i s  also exposure-rate 
dependent. N o  proton rate studies were undertaken i n  this program. Since the 
space exposure rate i s  normally 3 to 5 orders of magnitude lower than the laboratory 
exposure rates, a rate study i s  highly recommended to determine whether the above 
data i s  valid. 

The results shown in Figure 51 for silicon-oxide overcoated aluminum- 
substrate mirrors show comparable reflectance changes at 0' and 5OoC where no 
blistering occurred. Lit t le or no temperature dependence was found for those two 
temperatures where i t  i s  assumed that the decrease in reflectance was due to 
increased absorption in the silicon-oxide overcoating. A comparison of the resuits 
for the O°C samples between Figures 50 and 51 shows that less damage actually 
occurred in  the silicon-oxide overcoated surfaces because blistering did not occur. 
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* 
The si licon-oxide overcoated aluminum samples that were irradiated a t  

-195°C changed reflectance with time after irradiation. However, the overall 
reflectance change was considerably smaller than for the bare aluminum surfaces. 
The arrows on the data points in Figure 51 indicate the change in AR, with time. 
Reflectance measurements were performed a t  various time increments after irradiation 
on two samples which were irradiated with 1 x 1017 protons-cm-2 at -195°C to 
determine the length o f  time required for stabilization. It was found that the 
reflectance continued to decrease on one of the mirrors for about 120 hrs and on the 
other for about 5700 hrs. Measurements on a mirror which was irradiated with 
2 x 1017 protons-cm'2 at  -195°C indicated a decrease i n  reflectance during a 
1000-hr. time increment after irradiation, hut no further changes between 1000 hrs . 
and 8000 hrs. A reflectance check on a mirror irradiated at 0°C showed no reflec- 
tance change with time after irradiation. 

ip 

In general , the delayed blistering phenomena was noted on both bare 
aluminum and Si203 overcoated mirrors which had been irradiated at -195°C. The 
overall degradation which occurred, however, was considerably larger on the bare 
aluminum surfaces. 

As stated earlier a maximum crit ical operating temperature was observed on 
epoxy-coated stretch-formed aluminum mirrors. This crit ical temperature was 
found to be about 80°C in  both vacuum and air tests. Exceeding this temperature 
wou Id cause surface failure within several minutes . Photographs of mirrors which 
were maintained at  100" and 200°C i n  vacuum are shown in  Figures 52 and 53, 
respectively. The appearance of 100°C surface i s  similar to that of a mirror exposed 
to 8OOC. 

6.3.3 Ultraviolet Radiation Effects---A general outline of the ultraviolet radiation 
tests conducted on stretch-formed aluminum mirrors was given i n  Table 111. Detailed 
test data are given in Appendix 8. Results of ultraviolet radiation tests on stretch- 
formed aluminum mirrors are given in  Figures 54 and 55. Figure 55 shows data for 
bare aluminum and Si203 overcoated mirrors irradiated a t  OOC, bare aluminum mirrors 
irradiated at 5OoC, and magnesium substrate mirrors (to be discussed later). Data 
were not presented from the tests conducted at l00"C because of  the severe tempera- 
ture-induced failure of the reflective surfaces. As a matter of record, the magnitude 
o f  the changes obtained a t  100°C varied from A% = -0.214 to -0.339. 
interesting to note that even though the high temperature produced a visible 
reticulation of the reflective surfaces in a few minutes, the degradation in  measured 
reflectance continued to increase gradually even up to about 875 hours after 
irradiation. 

It was 

The results of ultraviolet radiation tests at -195°C on the Si203 overcoated 
mirror samples given in  Figure 54 show that the maximum change in solar specular 
reflectance was only on the order of  A& = -0.05 after a 9800 ESSH exposure. As 
noted in  the figure, the maximum rate of change was during the first 1000-2000 
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ESSH of irradiation although a small rate of change continued up to 9800 ESSH. 
Good agreement was obtained for the three identical mirrors which were identically 
irradiated. 

Results of experiments a t  O°C on the Si203 overcoated mirror samples given 
in  Figure 55 show comparable results to the -195'C tests. This indicates a negligible 
dependence of radiation damage on temperature i n  the -195' to O'C range. Sur- 
prisingly, data points for the bare aluminum surfaces irradiated at both 0' and 50'C 
nearly coincide with the data on the Si203 surface. 

The reflectance of stretch-formed aluminum mirrors was measured in air, 
i n  vacuum I and after about 400 ESSH of ultraviolet radiation in vacuum. It was 
concluded from this experiment and results of similar measurements on nickel mirrors 
that no significant annealing of radiation-induced optical absorption occurred when 
these mirrors were returned from vacuum to ambient pressure. 

6.3.4 Combined Proton-Ultraviolet Radiation Effects---Results of combined and 
sequential radiation effects on stretch-formed aluminum mirrors are given in Figures 
56 through 59. Data shown in Figure 56 for bare aluminum coated mirrors indicate 
that the combined environment produced a slightly larger spectral change than the 
sum of the two individual environments. Data spread bars on the proton-only data 
show the uncertainty involved with concluding whether a synergistic effect occurred. 
Thus i t  can only be concluded that a small synergistic effect may have occurred on 
the bare aluminum surfaces, and that more samples need to be irradiated at a higher 
integrated flux to get conclusive results. A similar conclusion was reached for the 
electroformed-nickel mirrors which were coated with bare aluminum. 

The results of the experiment on bare aluminum surfaces wherein a mirror 
which had been irradiated with protons was subsequently irradiated with ultraviolet 
radiation are shown in Figure 57. For comparison purposesf data are shown for a 
similar mirror which was irradiated with ultraviolet only. As noted i n  the figure the 
mirror which had been preirradiated with protons degraded slightly more (AR, = -0.035 
vs -0.025). This i s  i n  agreement with results obtained on electroformed-nickel mirrors. 

The combined radiation environment experiments on Si203 overcoated mirrors 
(Figure 58) indicated that the combined environment produced more damage than the 
sum of the two individual environments. However, as discussed for electroformed- 
nickel mirrors / additional combined-environment tests should be run to confirm this 
resu It. 

Ultraviolet tests on the Si203 overcoated mirrors (Figure 59) showed that the 
mirror which had been pre-irradiated with protons degraded more during ultraviolet 
exposure than similar mirrors which had not been preirradiated @RS = -0.047 vs 
-0.038). These results, which were similar for both bare aluminum and Si203 over - 
coated surfaces on both types o f  mirrors, suggest that the protons do establish some 
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Irradiation temperature = O°C 

9 - - 5  x 10l6 Protons-cm-’ + 500 ESSH of 

16 -2 
ultraviolet (AR = -0.024) 

S - 5 x 10 Protons-cm ( ARs = -0.017) 

I. m . . . . . 400 ESSH of ultraviolet (measured with 
in  -situ ref I ec tometer 

0.2 0.4 0.6 0.8 1 .o 1.2 
WAVELENGTH (MICRONS) 

Figure 56: EFFECT OF COMB I NED PROTON-ULTRAVIOLET 
RADIATION ENVIRONMENT ON BARE ALUMINUM 
COATED, ALUMINUM SUBSTRATE MIRRORS 
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defects which subsequently cause increased light absorption during u Itraviolet 
irradiation. This observation along with the actual combined-environment exposure 
data indicates that a small synergistic effect occurred on the mirror surfaces. In 
other words, simultaneous irradiation produced more degradation than the algebraic 
sum of the degradation produced by the two environments on two test samples. In 
general , since the amount of degradation i n  solar specular reflectance obtained in  
a l l  experiments was small, the significance of synergistic effects i s  probably more 
of scientific interest than practical interest unless higher radiation doses are 
encountered . 

ip 

6.4 Magnesium Substrate Mirrors 

6.4 1 Typical Reflectance Data---Typical specular and diffuse reflectance data 
for an unirradiated Si2Q-overcoated , magnesium substrate mirror are shown in  
Figure 60. The solar specular reflectance of unirradiated magnesium mirrors has 
been found to be i n  the range of 0.828 to 0.837 with an average of 0.830. This 
value of  solar specular reflectance i s  lower than that obtained for other mirrors 
which had been overcoated with thin Si203 (0.86 to 0.88). The lower reflectance 
on the magnesium mirrors i s  probably due to their having an improper Si203 coating 
thickness. The reflectance data indicate that the first order reflectance maximum 
occurred in  the 0.6 to 0.7 micron range, whereas, i t  should occur at 0.55 micron 
(the peak of the solar spectrum). As a result of the position of the first order maximum, 
a minimum occurred at about 0.42 micron which caused considerable absorption of the 
solar spectrum. Based on the above results, i t  would appear that a physical thick- 
ness of about 1250 A o f  Si203 would produce a higher solar reflectance. 

6.4.2 Proton Radiation Effects---A general description of the proton tests conducted 
on magnesium substrate mirrors was given in  Table II 
in  Appendix C. Tests were conducted at temperatures of - 1 9 5 O ,  Oo, and 40OC. A 
maximum temperature of 40°C was chosen based on results of preliminary tests where 
i t  was found that severe reticulation of  the reflective surface occurred a t  5OoC or 
higher. 

Detailed test data are tabu luted 

Typical effects of  protons on the specular and diffuse spectral reflectances 
are shown in Figure 60. The primary effects of the protons were to decrease the 
specular reflectance i n  the wavelength region of 0.3 to 0.5 micron and to increase 
i t  in  the region from 0.5 to 0.7 micron. The characteristics of the degradation 
indicate a change i n  optical properties of the Si203 fi lm which affects the inter- 
ference characteristics. The data suggest either a decrease in the refractive index 
or in  fi lm thickness. Superimposed on the interference effects may be an increase 
in  absorption in the Si203 oxide layer in  the ultraviolet wavelength region. 

A summary of results obtained on the magnesium-substrate mirrors i s  shown 
i n  Figure 61 which i s  a plot of the change in  solar specular reflectance vs integrated 
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flux. The reflectance data show a decrease in reflectance as the temperature 
increased. Data from the mirrors irradiated at -195O, Oo, and 4OoC indicated 
degradation in the order ofA& = -0.015, -0.044, and -0.055 respectively . It 
i s  interesting to note that a saturation of damage occurred somewhere below an 
integrated flux level of 5 x 1016protons-cm-2. This suggests that additional tests 
should be run on these mirrors at lower integrated fluxes to determine the threshold 
of damage, 

6.4.3 Ultraviolet Radiation Effects---A general summary of ultraviolet test 
conditions was given earlier in Table 1 1 1  and a complete tabulation of ultraviolet 
test data for magnesium substrate mirrors i s  given in  Appendix B. 

Ultraviolet tests were run at -195O, Oo, and 5OoC on these mirrors. All 
test samples irradiated at 0' and 5OoC exhibited a reflective surface reticulation 
which was believed to be due to dimensional changes in the epoxy undercoat. 
The failure of the reflective surfaces with irradiation time and temperature was 
not consistent in  that the 5OoC samples had degraded by the end of 120-test hours 
and the 0' samples degraded during the 120- to 360-test-hour increment. It 
should also be pointed out that the change i n  reflectance given for the -195OC 
samples between the 120- and 240-test-hour increments i s  probably not valid due 
to contamination effects. The data given for the 120-hour increment appears valid. 
It is suspected that the vacuum chamber became contaminated between the end of 
the 120-hour increment and the start of the next exposure increment. The mirror 
samples had been removed for reflectance measurements and another spacecraft 
hardware test was run i n  the chamber i n  the interim. As a result of the thermal 
effects and contamination , only three valid data points were obtained on the 
magnesium substrate mirrors. 

The three data points which are believed to represent typical radiation 
effects on the magnesium-substrate mirrors are plotted in Figure 55 along with data 
from aluminum-subskate mirrors. A comparison of results from the two types of 
mirrors at the 1200 ESSH exposure increment shows that comparable degradation was 
experienced. The fact that the amount of degradation experienced on two different 
mirrors was about the same is of significance because the vacuum deposited f i  Ims 
were applied in two different laboratories. 

An ultraviolet in-situ reflectance experiment was also performed on the 
magnesium-substrate mirrors. In the first test the specular-plus-diffuse reflectance 
of the mirror was measured in air, in vacuum, and in vacuum after 400 ESSH of 
ultraviolet radiation. Data from these reflectance measurements are given in 
Figure 62. A leak developed in  the chamber which contaminated the surfaces and 
prevented a valid measurement of reflectance in air after irradiation, In the second 
test a complete sequence of specu lar-plus-diffuse reflectance measurements were made 
before and after ultraviolet radiation; however, the chamber pressure rose to the ? -  
to 100-micron pressure range several times during the test. Since rather severe 
degradation was experienced i n  this test the results are questionable. Thus , a post- 
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irradiation curve measured in-air i s  not given i n  Figure 62. Despite the problems 
which were encountered the following observations were made concerning the in- 
situ reflectance experiment on magnesium substrate mirrors: 

1) A negligible shift of interference maxima and minima to shorter wavelengths 
occurred during pumpdown; 

2) A major shift i n  interference maxima and minima occurred during irradia- 
tion which was comparable to the shift measured i n  air on prior proton and ultra- 
violet tests; and 

3) A minor shift to longer wavelengths occurred immediately upon backfi I l ing 
the chamber. (A reflectance measurement performed about 1 1  hours after exposure 
to ambient pressure, i n  the latter test described above, indica!ed a small additional 
shift to longer wavelengths .) 

In general , the results of  the in-situ reflectance experiment on these mirrors 
indicate that no significant changes i n  solar specular reflectance occurred during 
either pumpdown or backfi l l ing the vacuum chamber. 

6.4.4 Combined Proton-Ultraviolet Radiation Effects---Results of  the combined 
proton-uI traviolet radiation tests on the magnesium substrate mirrors are shown in 
Figure 63. It was noted i n  spectral reflectance plots that the change in reflectance, as 
shown i n  Figure 63, resulted from the shift i n  wavelength of interference maxima and 
minima Considerable spread was experienced between similarly irradiated mirror 
samples , thus precluding the possibility of  making conclusions regarding synergistic 
effects. 

6.5 Space Radiation Effects 

6.5.1 Introduction---Since it i s  important to relate the results of this test program 
to space missions and the expected effects of the space radiation environment, a 
brief description of this environment i s  necessary. Energy deposition of the environ- 
ment at synchronous altitude (%19,300 n .mi .) w i l l  be presented, and equivalence 
of exposure i n  space to that employed in the test program discussed. Results of the test 
wi I I  then be compared with those of  other researchers. Some conclusions w i l l  be 
drawn and several recommendations for further analysis given 

6.5.2 Particulate Radiation Environment---The radiation environment encountered 
i n  space missions consists of geomagnetically trapped protons and electrons , untrapped 
solar event protons, galactic cosmic rays and - outside the magnetosphere - the solar 
wind. The proton component of this environment i s  the most effective for producing 
damage. Hence we are especially concerned with this component. The low energy 
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protons ( 1 5  E I 1 0 0  keV) outnumber the high energy protons in most space missions. 
Ih addition, the protons in this low energy range a re  the most effective in producing 
damage to the optically reflecting surfaces considered in this study. 

Inside the magnetosphere the peak intensity of these low energy protons occurs 
near synchronous altitude and is predominantly trapped, The integral f , and differen- 
tial df/dE energy flux spectra of these trapped protons are given in Figure 64. These 
spectra are based primari ly upon the low energy results reported by L .  Frank (Refer- 
ence 29). These spectra are suggested as  a worst case exposure to spacecraft sur- 
faces inside the magnetosphere. Thus , a mission in synchronous orbit for a year 
(3.15 x 107 sec) may e x  ect to encounter an omnidirectional integrated flux of 
1 . 1 x 1016 protons-cm-f with roughly 70 percent of them having energies less than 
30 keV. A spacecraft surface which views only a 180 degree solid angle  is thereby 
exposed to about 5.5 x 10’5 protons-cm-2 year-1 in such a mission. 

The composite model of the trapped electron environment has been presented 
by J . I .  Vette in NASA SP 3024, Volume 3 (Reference 30). The time-averaged 
integral spectrum of the omnidirectional flux of energetic electrons is less than or 
equal to: 

-2 -1 sec  J O E )  = lo8 exp (-E/0.215) Electrons-cm 

-2 -1 year Based on this spectrum, there are less than 3 x 1015 electrons-cm with a 
mean energy of 215 keV. The  low energy spectrum is steeper and is more  uncertain. 
However, a conservative estimate appears to be  + 2  x 10l6 electrons-cm-2 year-] 
with a mean energy of * 10 keV. The ionization dose from these electrons is only a 
fraction of that due to  the protons, and the displacement damage is orders of magnitude 
less. Hence this cryptic conservative estimate of the electron environment is suffic- 
ient for o u r  discussion. 

Outside the magnetosphere the continual bombardment by the solar wind 
protons provides the most severe exposure to low energ protons. The solar wind 
provides an average exposure of 6 x 1015 protons-cm-i to a spacecraft surface dur- 
ing a year mission. The energy of the solar wind fluctuates between 0.7 keV and 
3 keV. Thus the spectrum of the integrated flux is broader than that of the instan- 
taneous flux but is sti I 1  quite narrow. For purposes of this study a monoenergetic 
solar wind model spectrum was chosen. 

6.5.3 Energy Deposition---The incident protons interact both inelastically and 
elastically with the atoms of the solid. Ionization is the principal result of the 
inelastic scattering while displacement of the atom is the principal effect of the 
elastic collisions. 
Mev-cm’2 gm-1 between 40 and 100 keV in Si203 (e W 2.5 g m - ~ m - ~ )  , and decreases 
as wl/E a t  higher energies. Below 25 keV the proton i s  moving slower than the 
electrons in the atoms, and therefore spends a considerable portion of its path neutra- 

The energy lost by ionization reaches a maximum of’~500 
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l ized by electron capture. The theoretical stopping power based upon the Thomas- 
Fermi model is given by Lindhard and Scharff (Reference 31) as: 

2 2  

2/31 2 (1+Z ) (l+A) 

where 2nZKc m c  
, N = a tomic  dens i ty  G = N  

= Bohr radius (5.292 x loW9 cm) 

e = electron charge (4.8 x 10-l' esu) 

m = mass of electron (9.11 x 10-28g) 

Z = atomic number 

A = atomic weight 

E = proton incident energy, keV 

-1 1 xc = reduced compton wavelength of electron (3.86 x 10 cm) 

T h e  stopping power due to elastic scattering i n  a weakly screened and 
intermediate screened coulomb field was given by N . Bohr (Reference 32) and K . 0. 
Nielson (Reference 33) , respectively, as follows: 

- dE = G(sln '9) forS<<l 
dX 

and 

dE = G a 

where S is the screening parameter given by 

(3) 
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Employing Braggs rule for the stopping power of Si203, I 

a density of 2.5 gm-cm -3 which gives NSi - 3  x 10 22 /cc, and No ~ 4 . 5  x 10 22 /cc, 

the stopping power for weak screening i s  

p . 2 3 4  In (3.88E) -F 0.2733 In (1.94E) f 2.138 4 ev/A 3 dE - 
dX - 

When the screening i s  strong the expression for the stopping power becomes 

- -  dE - 0.4182d-2.138 4 ev/A dX 

The contributions from both elastic and inelastic scattering and the total 
stopping power are presented in Figure 65. A power law expression for 1 < E 4 16 
keV of  dE/dx = 2.52 i s  seen to fit fairly well. This compares well  with 
results obtained for A1203 by Van Wijngaarden and Duckworth (Reference 34). 
The results of Nielson and Bohr are compared between 0.5 keV and 2 keV. Nielson's 
result i s  employed for E 5 2 keV and Bohr's result above 2 keV. Integrating the 
inverse stopping power over the energy, the mean path length R of the proton in  
silica is obtained. Integration of the inverse inelastic stopping power leads to the 
well known square root relation. The effect on the path length of neglecting elastic 
collisions i s  presented in Figure 66. At high energies the protons are losing energy 
almost exclusively to the electrons in the atom and hence suffer l i t t le deflection 
from their ini t ial  direction unt i l  they have lost a l l  but a keV or so of their energy, 
whereupon elastic collisions become important. Thus the penetration depth of these 
protons is almost equal to the pathlength. At low energies the scattering i s  quite 
pronounced. The average center-of-mass scattering angle 8 is very nearly 90° for 
elastic collisions with massive atoms (cos e = 2/(3A) ), thus, diffusion theory is 
applicable. Under these conditions Nielson has shown that the penetration depth may 
be estimated by 
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&ere 
may be approximated by 5 e 2/A in elastic collisions with large A atoms (Reference 
35). Thus 

5 is the average logrithmic decrement of energy loss per collision. This 

-2 This leads to 10.9 lug-cm 
proton. An accurate treatment of the penetration depth (Reference 36) is beyond 
the scope of this study. For purposes of this study the penetration depth d(E) wi l l  
be approximated by 

in silica or 4-30 W for the penetration depth of a 1 keV 

d(E) = R(E) - R(1) 4-400 8 E Z 1 keV 

=400 E E < -  1 keV 

T h e  depth thus obtained i s  also presented in Figure 66. The penetration 
depths deduced from changes in the reflection coefficient of quartz obtained by 
Hines and Arndt (Reference 11)  are shown for comparison. The range of values 
obtained a t  100 keV as presented by V .  J . Linnebom (Reference 37) is also given. 
Fairly good agreement is obtained. The steeper slope of the quartz results can be 
expected because of the greater importance of elastic scattering in quartz (66.7 
percent oxygen) over that in silica (-60 percent oxygen). A modest literature search 
did not reveal any additional experimental determinations of the penetration depth 
i n  quartz or s i l ica .  Some penetration studies through metal foils (References 38 
and 39) indicate smaller penetration depths for few kilovolt protons. However, these 
studies depend upon large corrections for either the charge s ta te  or the induced 
scinti I lation probability of kilovolt protons and hence are inconclusive. The energy 
deposition in the present analysis will be based upon the crudely obtained curve for 
d(E) given in Figure 66. As a result of this study i t  is recommended that: (1) a test 
be conducted with 1 keV protons to properly simulate the solar wind environment; 
and (2) additional proton depth-of-penetration studies be conducted in the energy 
region from about 0.8 to 30 keV. 

The relative dose coniribution to the mirror surface from protons of various 
energies in the space environment can now be estimated. Multiplying the stopping 
power by the omnidirectional differential spectrum, we  obtain the differential sur- 
face dose rate (dD/dE) presented in Figure 67. It is seen to peak between 6 and 11 
keV. 
For visualization the function dD/d(RnE) i s  also presented. This curve represents 
the contribution to the dose integral per uni t  change in the abscissa. It is seen from 
the dD/d (fnE) curve that the protons in the energy range 154E<40 keV are giving 
the most important contribution to the surface dose. integrating this function and 
using 0.5 for the solid angle factor, a surface dose of 2.75 x keV-~m-~-sec- ’  

The logarithmic energy scale visually weights the low energies heavily. 
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or 5.4 x 1010 rad-year-1 is obtained for the protons. A conservative estimate of the 
electron surface dose is 5 x 109 rad-year-' . Hence, the electron dose is negligible. 
For comparison purposes the energy deposited in the silicon oxide f i lm due to ultra- 
violet radiation was calculated to be about 6 x 1016 rad-yearm1, considerably 
higher than the proton and electron doses. 

T h e  differential energy deposited (d (AE)/dE elastic) by elastic collisions 
can be obtained similarly. This is also presented in  Figure 67. The  maximum of the 
elastic contribution lies between 2 and 4 keV. By plotting a d(AE)/d!nE curve, i t  
is seen that the maximum contribution to an elastic energy-deposition integral is 
coming from protons of 4 to 15 keV energy. The integration leads to 8 x 1019 keV- 
cm-3-year-l a t  the surface. 

Based upon the above energy deposition considerations, a test with protons 
i n  the energy range of 10 to 20 keV should be best for representing the radiation 
effects in a synchronous mission, Mirror samples were irradiated in this program 
with 16 keV protons. For discussion purposes, the exposure (F) will be expressed in 
units of 1016 protons-cm-2; that  is, a time integrated flux of 2 x 1017 protons - 
cm-2 corresponds to F = 20. An exposure (F) gives 5.5 x 101oF rad to the surface and 
deposits 12 x 1019F k e V - ~ m - ~  a t  the surface via elastic collisions. An equivalence 
to a space exposure can then be estimated for surface effects. Letting Yion be  the 
years equivalent for ionization effects and Yd be the years equivalent for displace- 
ment damage, one obtains for synchronous orbit; 

and 

' ion 

Yd = 

=-1 .O years 5.5 x lo!' F 
5 .4x 10'" 

v. = 

= 1.5 years 12 1019 F 
8 x  1019 

The difference between \ on and Yd is somewhat greater at  a 1500 to 20 0 
A depth. Here the space environment dose is only reduced from 5.4 x 101o rad- 
year-' to 5 x 1010 rad-year'] while the dose from 16 keV protons is reduced from 
5.4 x lOloF rad to 3.85 x l0loF rad.  The  space elastic energy deposition has only 
increased from 8 x 1019 keV-cm'3-year"' to 10.6 x 10'9 k e V - ~ m - ~ - y e a r ' ~  while 
 at for the 16 keV protons has doubled to 24 x lOI9F keV-cm-3. Thus, a t  1500-2000 
Adepths the equivalences are Yion = 0.77F years and Yd = 2.2F years. It is pre- 
sumed that Yd is more significant for an indication of the degradation of the reflect- 
ance of the surface. If one averages Yd over a 3000 % thick layer, a value of 2F 
is  obtained. Therefore, it is suggested that the equivalence of the 16 keV proton beam 
for synchronous missions be estimated by 2F years 
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Outside the magnetosphere the solar wind particle flux of 6 x 1015 protons- 
cmm2 year-l gives only 1O1O rad/year to the surface. This would give Yion* 5.5F 
years. However, the elastic collisions are more important outside the magnetosphere 
since the solar wind deposits 2.5 x 1020 keV-cm-3 year -1 by elastic scattering 
throughout their depth of penetration. This would give Yd =: 0.5F years for a layer 
-400 6: thick i n  missions outside the magnetosphere. This equivalence, however, 
may not be valid because of the gross differences i n  the thickness of the damaged 
layer i n  space from that in the test samples. Considering a l l  factors, an equivalence 
factor of 0.5 F years appears reasonable for relating 16 keV proton test results to 
the extra-magnetospheric environment. 

Based on the above equivalences, a plot was made of the equivalent years i n  
both interplanetary space (1 .O A.U .) and at synchronous orbit (19,300 N. Mi .) 
as shown in  Figure 6%. Also given in  the figure are the approximate thresholds of 
solar reflectance degradation due to absorption i n  the thin Si203 overcoated mirrors, 
and blistering on bare aluminum surfaces. The threshold of degradation due to 
absorption in  the Si203 overcoatings was not accurately established because data 
points were only taken at 1 x 1015, 5 x 1015, and 5 x 10l6 protons-cm-2. The 
maximum degradation appeared to occur between 5 x 1015 and 5 x 10l6 protons- 
cm-2, thus, only a broad band can be shown in  the figure. For an interplanetary 
mission the maximum degradation wou Id then occur i n  a time period of 0.25 to 2.5 
years. Similarly, the maximum damage i n  synchronous orbit would occur i n  a 1 
to 10 year period. The threshold of degradation for blisterin of bare aluminum 
coated, aluminum substrate mirrors i s  shown at about 7 x 10 ‘ protons-cm’2. 

Since the majority of the nickel substrate mirrors did not blister up to the 
maximum integrated flux used, the crosshatched area on the graph i s  shown extend- 
ing up to 2 x 1017 protons-cm-2. 
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7.0 CONCLUSIONS 

As a result of experiments conducted in this program, the following conclusions 
have been reached: 

I )  Mirror surfaces employing an epoxy surface improvement coating reticulated 
a t  high temperatures (8OoC maximum for stretch-formed aluminum and 5OoC maximum 
for magnesi um-su bstrate mirrors); 

2) T h e  most significant mechanism of radiation-induced degradation is proton 
b 1 i steri ng; 

3) The amount of optical degradation produced by the blistering phenomena 
is highly temperature dependent and is a function of the proximity of the stopped 
protons to the interface a t  which agglomeration occurs; 

4) When blistering does not occur, the optical degradation of bare-aluminum 
a n d  si licon-oxide overcoated surfaces is not strongly temperature dependent and 
shows saturation a t  relatively low exposure values; 

5) The diffuse reflectance of silicon-oxide mated surfaces i s  reduced by proton 
bombardment, an effect which is believed to be due to a smoothing of the oxide 
surface; 

6)  The infrared absorption spectra of vacwm-deposited Si203 and Si02 films 
changes slightly under proton bombardment; however, the resulting changes in 
emittance are negligible; 

7) The calculation of solar specular reflectances from spectral reflectance 
data measured in-air appears valid with the exception of aluminum-substrate 
mirrors irradiated with protons a t  -195OC. 
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8.0 RECOMMENDATIONS 

The following recommendations are presented as a result of research per- 
formed in this program: 

I )  An investigation should be conducted to establish the relationships 
between vacuum coating conditions and radiation-indued degradation of aluminum- 
and si licon-oxide fi lms. 

2) An investigation should be conducted to determine the mechanism 
associated with the wavelength shift of interference characteristics during pressure 
changes and irradiation. Also, other typical optical interference coatings should 
be evaluated for similar effects. 

3) Additional analyses should be performed on electron photomicrographs 
to correlate blister size distributions and height-to-diameter ratios to  proton 
energies and agglomeration sites. 

4) A proton exposure-rate study should be conducted to determine the 
effect  of flux o n  blister formation and other mechanisms of degradation. 

5) Additional work should be conducted to develop polymeric surface 
improvement coatings for mirror  surfaces that can withstand higher temperatures. 

6) During preparation of mirror samples, thickness control samples should 
be prepared from which f i lm thicknesses can be measured with an  interferometer. 

7) Additional experiments should be conducted to determine the effects 
of I keV protons on solar mir ror  surfaces. 

8) Additional experiments should be conducted to  determine the depth of 
penetration of protons in the energy range of 0.8 to 30 keV. 

9) An ultraviolet spectral sensitivity study should be conducted and/or 
mir ror  samples should be irradiated with a close-match solar spectrum to determine 
the validity of tests made in this program with a Iine-spectrum lamp. 
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10.0 APPENDICES 

APPENDIX A 

VACUUM COATING DATA 

A 

A 

A 

A 

A 

A 

A 

B 

B 

B 

B 

B 

B 

B 

C 

C 

C 

C 

C 

C 

Coating Deposi t ion Deposi t ion Temperature 
Sample Sample P r e s s u r e  Thickness T i m e  R a t e  During Coating 

Type Numbers Coating ( t o r r )  (8) (see) d/see) ( " 0  

1-4 5 1500 300 5 .O ambient 

1-4 Aluminum 1 x 1000 

1- 15 S i 0  5 1500 

1-15 Aluminum 1 x 1000 

16-60 S i 0  5 1500 

16-60 Aluminum 1 x 1000 

6 1 - 1 0 e S a m e  as 
A 1-15) 

1- 5 S i 0  5 1500 

1-5 Aluminum 1 x loe5 1000 

1820 
b 

1-5 Si203 8 x 

1-60 S i 0  5 1500 

1-60 Aluminum 1 x loe5 1000 

D 6 1- 
100 

1-66 Chromium 1 x 500 

1-66 S i 0  5 1500 

1000 1-66 Aluminum 5 x 10 -6 

67-100 (Same as 
C 1-66) 

Chromium 1 x 500 la- D 16A 

la-16a S i 0  5 1500 

10 

420 

11 

360 

11 

300 

10 

1500 

420 

11 

1200 

30 

2 40 

10 

25 

270 

100 ambient 

3.6 ambient 

9 1  ambient 

4.2 ambient 

9 1  ambient 

5.0 amb ien t 

100 ambient 

1 .2  amb i e n  t 

3.6 ambient 

9 1  amb i e n  t 

1.7 amb i e n  t 

16 

6 .3  

100 

20 

5.6 

250 

250 

100 

270 

270 
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APPENDIX A (Cont.) 

Coating Depos i t ion  Depos i t ion  Temperature 
Sample Sample P r e s s u r e  Thickness T i m e  Rate During Coating 

Type Numbers Coating ( t o r r )  (1) ( see )  ( i / s e c )  ("C) 

C la-16a Aluminum 1 x 1000 1 2  83 100 

C 17a-40a Chromium 1 x 500 30 17 270 

C 17a-40a S i 0  5 1500 300 5.0 270 

C 17a-40a Aluminum 5 x 1000 10 100 80 

D 1-66 Chromium 1 x 500 30 16  250 

D 1-66 S i 0  5 1500 2 40 6 .3  250 

1000 10 100 100 D 1-66 Aluminum 5 x 10  -6 

1200 1.7 100 

D 67-155 (Same as 
D 1-66) 

30 1 7  270 

D(A) la-16a S i0  5 1500 300 

D(A) la-16a Aluminum 1 x 1000 1 2  

D(A) la-16a Si203 8 x b 8 2 0  1260 

D(A> 17a-34a Chromium 1 x 500 30 

D(A) 17a-34a S i 0  5 1500 30 0 

D(A) 17a-34a Aluminum 5 x 1000 10 

D(A) 17a-34a Si203 8 x D1820 1500 

E la-30a Chromium 1 x loe5 500 45 

E la-30a S i 0  5 1500 270 

E la-30a Aluminum 1 x 1000 15 

la-30a S i  0 1 1 0 - 4 D 8 0 0 0  2 3  
E 

E ame as 
36a E la-30a) 

6600 

5 .O 270 

83 80 

1 . 4  80 

1 7  2 70 

5.0 270 

100 80 

1 .2  80 

11 200 

5.5 200 

67 100 

1 . 2  100 

P 
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APPENDIX A (Cont.) 

Coating Depos i t ion  Depos i t ion  Temperature 
Sample Sample P res  s u r e  Thi cknes s Time Rate During Coating 

Type Numbers Coating ( t o r r )  (1) (s-1 (&sec ) '("C) 

la-30a Chromium 1 x 500 45 

la-30a S i 0  5 1500 270 

la-30a Aluminum 1 x 1000 30-40 

la-30a S i 0 2  1 x 10 -4 R o o 0  3000 

a m e  as 
31a- 36a F la-30a) 

1 t o  58 S i 0  8 x 1528 D unknown 

1 t o  58 Aluminum 5 x lom5 1000 5 

1 t o  58 Si203 8 x 1400 280 

11 200 

5.5 200 

25-33 100 

5.6 100 

100 

200 

5 

ambient 

ambient 

50 

Sample Nos A97-Al00 are NASA samples 

Backfilled with oxygen dynamically 

Sample Nos B96-Bl00 are NASA samples 

Sample Nos C11-C16 are NASA samples 

Sample Nos Dll-D16 are NASA samples 

NASA samples 

1/2 wave at 5500A. 
index of 1.8 

1/2 wave at 55OOA. 

0 

Physical thickness calculated assuming a refractive 

0 

Physical thickness measured by interferometry 
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APPENDIX B 

ULTRAVIOLET TEST DATA 

Solar 
Exposure Exposure T o t a l  Sample Specular Change I n  

Sample T i m e  R a t e  Exposure Temperature Ref lec tance  Ref lec tance  
No. (Hrs) (ESS)* (ESSH)*J; (OC 1 (Rs 1 (-&J*** 

A7 5 
A7 5 
A7 8 
A7 8 
A7 3 
A7 3 
A7 2 
A7 2 
A6 3 
A63 
A7 6 
A7 6 

0 
240 

0 
240 

0 
240 

0 
240 

0 
240 

0 
240 

0.894 
0.865 
0.894 
0.870 
0.894 
0.869 
0.894 
0.851 
0.894 
0.864 
0.894 
0.860 

- 
11.0 

9.9 

8.4 

11.2 

11.1 

11.0 

- 

- 

- 

- 

- 

- 
2640 

2380 

2020 

2690 

2660 

2640 

- 

- 

- 

- 

- 

- 
0.029 

0.024 

0.025 

0.043 

0.030 

0.034 

- 

- 

- 

- 

- 

B7 
B7 
B7 
B7 
B7 
B7 

0 
50 

100 
200 
308 
875 

0.863 
0.867 
0.845 
0.834 
0.836 
0.818 

- 
11.1 
11.1 
11.1 
11.1 
11.1 

- 
555 

1110 
2220 
3420 
9710 

- 
-19 5 
-195 
-195 
-195 
-195 

- 
-0.004 

0.018 
0.029 
0.027 
0.045 

0.865 
0.869 
0.838 
0.839 
0.850 
0.812 

B8 
B 8  
B8 
B 8  
B8 
B8 

0 
50 

100 
200 
308 
875 

- 
11.2 
11.2 
11.2 
11.2 
11.2 

- 
560 

1120 
2240 
3450 
9800 

- 
-195 
-195 
-195 
-195 
-195 

- 
-0.004 

0.027 
0.026 
0.015 
0.053 

0.866 
0.858 
0.839 
0.828 
0.840 
0.820 

B9 
B9 
B9 
B9 
B9 
€59 

0 
50 

100 
200 
308 
875 

- 
0.008 
0.027 
0.038 
0.026 
0.046 

- 
11.2 
11.2 
Ll.  2 
11.2 
11.2 

- 
560 

1120 
2240 
3450 
9800 

- 
-195 
-195 
-195 
-195 
-195 

B4 
B4 
B4 
B4 
B4 
B4 

0.865 
0.862 
0.849 
0.836 
0.827 
0.796 

0 
50 

100 
200 
308 
875 

- 
11.1 
11.1 
11.1 
11.1 
11.1 

- 
555 

1110 
2220 
3420 
9710 

- 
0 
0 
0 
0 
0 

- 
0.003 
0.016 
0.029 
0.038 
0,069 
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So 1 ar 
Exposure Exposure T o t a l  Sample Specular Change In 

Sample. T i m e  R a t e  Exposure Temperature Ref lec tance  Ref lec tance  
No .  (Hrs) (ESS)* (ESSH)*;k (OC 1 (Rs  1 (-ARS)*** 

B5 
B5 
B5 
B5 
B5 
B5 

B6 
B6 
B6 
B6 
B6 
E6 

B 1  
B 1  
B 1  
B 1  
B 1  
B 1  

B2 
B2 
B2 
B2 
B2 
B2 

B3 
B 3  
B 3  
B3 
B3 
B3 

c2  
c 2  
c 2  
c 2  
c 2  
c 2  

0 
50 

100 
200 
308 
875 

0 
50 

100 
200 
308 
875 

0 
50 

100 
200 
308 
875 

0 
50 

100 
200 
308 
875 

0 
50 

100 
200 
308 
875 

0 
50 

100 
200 
308 
87 5 

- 
11.2 
11.2 
11.2 
11.2 
11.2 

- 
11.2 
11.2 
11.2 
11.2 
11.2 

- 
11.1 
11.1 
11.1 
11.1 
11.1 

- 
11.2 
1 1 . 2  
11.2 
11.2 
11.2 

- 
11.2 
11.2 
11.2 
11.2 
11.2 

- 
11.1 
11.1 
11.1 
11.1 
11.1 

- 
560 

1120 
2240 
3450 
9800 

- 
560 

1120 
2240 
3450 
9800 

- 
555 

1110 
2220 
3420 
9710 

- 
560 

1120 
2240 
3450 
9800 

- 
560 

1120 
2240 
3450 
9800 

- 
555 

1110 
2220 
3420 
9710 

- 
0 
0 
0 
0 
0 

- 
0 
0 
0 
0 
0 

- 
100 
100 
100 
100 
100 

- 
100 
100 
100 
100 
100 

- 
100 
100 
100 
100 
10 0 

- 
-195 
-195 
-195 
-195 
-195 
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0.864 
0.861 
0.854 
0.836 
0.831 
0.800 

0.865 
0.845 
0.815 
0.835 
0.817 
0.811 

0.864 
0.628 
0.642 
0.605 
0.582 
0.571 

0.841 
0.751 
0.643 
0.647 
0.641 
0.557 

0.867 
0.823 
0.741 
0.757 
0.740 
0.551 

0.897 
0.894 
0.884 
0.878 
0.855 
0.874 

- 
0.003 
0.010 
0.028 
0.033 
0.064 

- 
0.020 
0.050 
0.030 
0.048 
0.054 

- 
0.236 
0.222 
0.259 
0.282 
0.293 

- 
0.090 
0.198 
0.194 
0.200 
0.284 

- 
0.044 
0.026 
0.110 
0.127 
0.316 

- 
0.003 
0.013 
0.019 
0.042 
0.023 
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Solar 

Exposure Exposure T o t a l  Sample Specular Change In 
Sample T i m e  R a t e  Exposure Temperature Ref l ec t ance  Ref l ec t ance  
No. W.9) (ESS)* (ESSH)** (OCY (Rs 1 (-ARs) *** 

C 9A 
C 9A 
C 9A 
C 9A 
C 9A 
C9A 

C 8A 
C 8A 
C 8A 
C 8A 
C 8A 
C 8A 

c1 
C1 
c1 
c1 
c1 
c1 

C 5A 
C5A 
C5A 
C 5A 
C 5A 
C 5A 

C6A 
C 6A 
C 6A 
C 6A 
C 6A 
C 6A 

c99 
c99 
c99 
c99 
c99 
c99 

. 

0 
50 

100 
200 
308 
875 

0 
50 

100 
200 
308 
875 

0 
50 

100 
200 
308 
87 5 

0 
50 

10 0 
200 
308 
87 5 

0 
50 

100 
200 
308 
875 

0 
50 

100 
200 
308 
875 

- 
10.9 
10.9 
10.9 
10.9 
10.9 

- 
10.8 
10.8 
10.8 
10.8 
10 .8  

- 
11.1 
11.1 
11.1 
11.1 
11.1 

- 
10.9 
10.9 
10.9 
10.9 
10.9 

- 
10.8 
10.8 
10.8 
10.8 
10.8 

- 
11.1 
11.1 
11.1 
11.1 
11.1 

- 
545 

1090 
2180 
3360 
9540 

- 
540 

1080 
2020 
3330 
9450 

- 
555 

1110 
2220 
3420 
9710 

545 
1090 
2180 
3360 
9540 

- 
540 

1080 
2020 
3330 
9450 

- 
555 

1110 
2220 
34 20 
9710 

- 
-195 
-195 
-195 
-195 
-195 

- 
-195 
-195 
-195 
-195 
-195 

- 
0 
0 
0 
0 
0 

- 
0 
0 
0 
0 
0 

- 
0 
0 
0 
0 
0 

- 
100 
100 
100 
100 
100 

0.853 
0.834 
0.825 
0.802 
0.808 
0.789 

0.848 
0.830 
0.805 
0.800 
0.826 
0.795 

0.898 
0.891 
0.888 
0.874 
0.879 
0.873 

0.845 
0.818 
0.805 
0.795 
0.809 
0.805 

0.842 
0.820 
0.807 
0.796 
0.805 
0.794 

0.870 
0.865 
0.858 
0.856 
0.855 
0.836 

- 
0.019 
0.028 
0.051 
0.045 
0.064 

- 
0.018 
0.043 
0.048 
0.022 
0.053 

- 
0.007 
0.010 
0.024 
0.019 
0.025 

- 
0.027 
0.040 
0.050 
0.036 
0.040 

- 
0.022 
0.035 
0.046 
0.037 
0.048 

- 
0.005 
0.012 
0.014 
0.015 
0.034 
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Solar 
Exposure Exposure T o t a l  Sample specular Change In 

Sample T i m e  Rate Exposure Temperature Ref l ec t ance  Ref l ec t ance  
No. ( H r  s )  (ESS)* (ESSH)** (OC 1 ( R s  1 (-ARS) *** 

C 3A 
C 3A 
C 3A 
C 3A 
C 3A 
C 3A 

C 4A 
C 4A 
C 4A 
C 4A 
C 4A 
C 4A 

c 5  
c5 
c5  
c 5  
c5  
c5  

C l A  
C 1 A  
C 1 A  
C I A  
C l A  
CIA 

C2A 
C 2A 
C 2A 
C 2A 
C 2A 
C 2A 

D34A 
D34A 
D27A 
D27A 
D19A 
D19A 
D24A 
D24A 

0 
50 

100 
200 
308 
875 

0 
50 

100 
200 
308 
87 5 

0 
50 

100 
200 
308 
87 5 

0 
50 

100 
200 
308 
875 

0 
50 

100 
200 
308 
875 

0 
240 

0 
240 

0 
240 

240 
0 

- 
10.9 
10.9 
10.9 
10.9 
10.9 

- 
10.8 
10.8 
10.8 
10 .8  
10 .8  

- 
11.1 
11.1 
11.1 
11.1 
11.1 

- 
10.9 
10.9 
10.9 
10.9 
10.9 

- 
10.8  
10 .8  
10.8 
10 .8  
10.8 

- 
8.5 

11.1 

1 1 . 2  

10.9 

- 

- 

- 

- 
545 

1090 
2180 
3360 
9540 

- 
540 

1080 
2020 
3330 
9450 

- 
555 

1110 
2220 
3420 
9710 

- 
545 

1090 
2180 
3360 
9540 

- 
540 

1080 
2020 
3330 
9450 

- 
2040 

2660 

2690 

2620 

- 

- 
- 

- 
100 
100 
100 
100 
100 

- 
100 
100 
100 
100 
100 

- 
200 
200 
200 
200 
200 

- 
200 
200 
200 
200 
200 

- 
200 
200 
200 
200 
200 

- 
0 

0 

0 

50 

- 
- 
- 

0.847 - 
0.826 0.021 
0.821 0.026 
0.811 0.036 
0.813 0.034 
0.799 0.048 

0.844 - 
0.824 0.020 
0.821 0.023 
0.802 0.042 
0.814 0.030 
0.800 0.044 

0.893 - 
0.889 0.004 
0.886 0.007 
0.884 0,009 
0.834 0.059 

Data Missing 

0.846 - 
0.809 0.037 
0.802 0.044 
0.783 0.063 
0.780 0.066 
0.724 0.122 

0.842 - 
0.817 0.025 
0.815 0.027 
0.801 0.041 
0.822 0.020 
0.812 0.030 

0.875 
0.816 
0.875 
0.834 
0.875 
0.827 
0.875 
0.821 

- 
0.059 

0.041 

0.048 

0.054 

- 

- 

- 

12 7 
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Solar 
Exposure Exposure T o t a l  Sample Specu lsr Change I n  

Sample T i m e  R a t e  Exposure Temperature Ref l ec t ance  Ref l ec t ance  
No. 0-1 (ESS) Jx (ESSH) ** (OC) (Rs 1 (-ARS) *** 

D32A 
D32A 
D30A 
D30A 
D2lA 
D21A 
D22A 
D22A 
D18A 
D 1 8 A  

E l l  
E l l  
E18 
E18 

F8 
F8 
F8 
F22 
F22 
F22 
F19 
F19 

G2 9 
G29 
G2 9 
G30 
G30 
G30 
G14 
G 1 4  
G 1 4  
G16 
G16 
G16 
G31 
G3 1 
G31 

G13 
G13 
G 1 1  
G 1 1  

'. G13 

0 
240 

0 
240 

0 
240 

0 
240 

0 
240 

0 
240 

0 
240 

0 
120 
360 

0 
120 
360 

0 
120 

0 
120 
360 

0 
120 
360 

0 
120 
360 

0 
120 
360 

0 
120 
360 

0 
120 
360 

0 
120 

- 
11.1 

1 1 . 2  

10.9 

11.1 

1 1 . 2  

- 

- 

- 

- 

- 
10 

10.8 
- 

- 
1 1 . 2  
1 1 . 2  

11.1 
11.1 

11.2 

- 

- 

- 
10.9 
10.9 

0 
10.8 
10.8 

0 
10.5 
10.5 

10.9 
10.9 

10.8 
10.8 

9.9 
9.9 

10.9 

- 

- 

- 

- 

- 
2660 

2690 

2620 

2660 

2690 

- 

- 

- 

- 

- 
2400 

2590 
- 

- 
1340 
4030 

1330 
3990 

1340 

- 

- 

- 
1310 
3930 

0 
1300 
3890 

0 
1260 
3780 

1310 
39 30 

1296 
3890 

1190 
3570 

1310 

- 

- 

- 

- 

- 
50 

50 

200 

200 

200 

- 
- 

- 

- 

- 
0 

0 
- 

- 
0 
0 

0 
0 

0 

- 

- 

- 
-195 
-195 

0 
-195 
-195 

0 
-195 
-195 

0 
0 

0 
0 

0 
0 

50" 

- 

- 

- 

- 

128 

0.875 
0.824 
0.875 
0.818 
0.875 
0.844 
0.875 
0.852 
0.875 
0.848 

0.764 
0.757 
0.764 
0.762 

0.756 
bad d a t a  

0.743 
0.758 
0.775 
0.744 
0.734 
0.730 

0.830 
0.827 
0.747 
0.830 
bad d a t a  
0.750 
0.830 
bad d a t a  
0.737 
0.830 
0 830 
0 606 
0.830 
0.810 
0.669 
0.830 
bad d a t a  
0.582 
0.830 
0.538 

- 
0.051 

0.057 

0.031 

0.023 

0.027 

- 
- 
- 

- 

- 
0.007 

0.002 
- 

- 

0.013 

-0.017 
0.014 

0.004 

- 

- 

- 
0.003 
0.083 
- 
- 
0.08 
0 

0.093 

0 
0.224 

0.020 
0.151 

- 

- 

- 

- 
- 
0.261 

0.292 
- 
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S o l a r  
Exposure Exposure Sample Specular  Change In 

Sample T i m e  Rate Exposure Temperature Ref l ec t ance  Ref lec tance  
N o .  ( h r )  (ESS)* (ESSH)** ("C) (RS 1 (-ARS) *** 

G 1 1  360 10.9 3930 50 
G 2 8  0 
G 2 8  120 10.8 1300 50 
G28 360 10.8 3890 50 
G4 2 0 
G42 120 10.5 1260 50 
G42 360 10.5 3780 50 

A61 Before Pro tons  -- -- 
A61 0 ( a f t e r  p ro tons  & b e f o r e  UV) -- 
A6 1 2 40 8.4 2020 50 

B60 Before . Protons  
B60 0 ( a f t e r  p ro tons  & b e f o r e  UV) -- 
B60 120 11.1 1330 0 
B60 360 9.9 3710 50 

-- -- -- 

-- -- -- 

-- -- 

C60 B B e f o r e  Pro tons  -- -- 

D54 P B e f o r e  Pro tons  -- -- 

C60 0 ( a f t e r  pro tons  & b e f o r e  UV) -- 
C60 120 11 1320 0 
C60 360 10 3720 50 

D54 0 ( a f t e r  pro tons  & b e f o r e  UV) -- 
D54 240 8.5 2040 50 

0.271 
0.830 
0.805 
0.715 
0.830 
0.797 
0.628 

0.895 
0.882 
0.847 

0.871 
0.854 
0.827 
0.807 

0.896 
0,896 
0.888 
0.854 

0.78 
0.759 
0.727 

0.559 

0.025 
0.115 

0.033 
0.202 

-- 

-- 

-- 
0.013 
0.035 

-- 
0.017 
0.027 
0.047 

-- 
0 
0.008 
0.042 

-- 
0.021 
0.032 

-- -- D20A B B e f o r e  u l t r a v i o l e t  i n  a i r  

E 2 1  P B e f o r e  u l t r a v i o l e t  i n  a i r  

l o  
D20A Before u l t r a v i o l e t  i n  vacuum l o  
D20A 68 7 .O 476 l o  -- 0.016 
D20A A f t e r  u l t r a v i o l e t  i n  a i r  l o  

l o  
E 2 1  Before u l t r a v i o l e t  i n  vacuum l o  
E 2 1  73 7.5 550 l o  
E2 1 A f t e r  u l t r a v i o l e t  i n  a i r  l o  

0 

0 

-- 
-- 
-- -- 

0 
0 
0 

-- 
-- 
-- 

* Exposure rate is g iven  i n  equ iva len t  space  suns  (ESS) i n  t h e  wavelength 

** 
*** For t a b u l a t i o n  s i m p l i c i t y  a . d e c r e a s e  i n  a b s o l u t e  s o l a r  s p e c u l a r  r e f l e c -  

r eg ion  less than  4000 angstroms 
T o t a l  exposure i s  g iven  i n  equ iva len t  space  sun hours  (ESSH) 

t a n c e  i s  shown as a p o s i t i v e  v a l u e  
t o  p ro tons  and u l t r a v i o l e t  r a d i a t i o n  s e q u e n t i a l l y  

a t a  from i n - s i t u  r e f l e c t a n c e  measurement experiment 
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Sola r  
Exposure Exposure Sample Specular  Change I n  

Sample T ime  Rate Exposure Temperature Ref lec tance  Ref lec tance  
No. ( h r )  (ESS) * (ESSH) ** ("0 (RS) (-ARs) *** 

-- -- F23 Before u l t r a v i o l e t  i n  a i r  l o  
F2 3 Before u l t r a v i o l e t  i n  vacuum l o  
F23 115 7 .0  80 5 l o  
F2 3 A f t e r  u l t r a v i o l e t  i n  a i r  l o  

0 
0 
0 

-- 
-- 
-- 

* Exposure rate is  g iven  i n  equ iva len t  space  suns (ESS) i n  t h e  wavelength 

** T o t a l  exposure i s  g iven  i n  equ iva len t  space  sun hours (ESSH) 
*** For t a b u l a t i o n  s i m p l i c i t y  a dec rease  i n  a b s o l u t e  s o l a r  s p e c u l a r  r e f l e c -  

reg ion  less than  4000 angstroms 

t ance  i s  shown as a p o s i t i v e  va lue  
xposed t o  p ro tons  and u l t r a v i o l e t  r a d i a t i o n  s e q u e n t i a l l y  
ata from i n - s i t u  r e f l e c t a n c e  measurement experiment 
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PROTON TEST DATA 

Pro ton  I n t e g r a t e d  Sample S o l a r  Specular  Change i n  
Energy Flux Temper a t  u r e  Ref l ec t ance  (Rs) Ref lec t ance  Sample 

No. 
(keV) (Pro t ons-crn-2) ("e> Before  A E t e r  (- ARs) 

A16 

A 1  7 

A 1  8 

A 1  9 

A2 5 

A2 2 

A2 3 

A24 

A32 

A4 1 

A4 6 

A 1  2 

A52 

A5 4 

A2 8 

A6 5 

A64 

A3 1 

A6 1 

A3 2 

A45 

2 

2 

2 

2 

2 

4 

4 

8 

14 

16 

16 

16 

16 

16 

16 

16 

16  

16 

16 

16 

16 

A15 16  

A13 16 

A6 2 16  

A5 0 16 

A2 6 16  

A44 16 

A5 9 1 6  

A38 1 6  

A3 5 16 

A4 9 16 

1 
1 5  

15  

15  

16 

15 

16 

16 

17 

1 x 10 

1 x 10 

5 x 10 

5 x 10 

5 x 10  

5 x 10  

5 x 10 

1 x 10 

5 x 

5 x 10 

5 x 

1 x 10 

1 x 10 

1 x 10 

16 

1 7  

17 

17  

2 

2 

1 7  2 x 10  

5 x 

1 x 10 

1 x 10  

1 x 10 

1 x 10 

2 x 10 

2 x 10 

2 x 10 

5 x 10 

5 x 10 

5 x 10 

1 7  

17  

17 

17 

17 

17  

17 

16 

16  

16 

1 d7 
17 1 x 10 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-195 

-195 

-195 

-195 

-195 

-195 

-195 

-195 

-195 

0 

0 

0 

0 

0 

0 

0 

0 

50 

50 

50 

50 

50 

131 

0.887 

0.889 

0.895 

0.899 

0.900 

0.898 

0.896 

0.901 

0.886 

0.896 

0.864 

0.892 

0.891 

0.901 

0.896 

0.891 

0.891 

0.892 

0.908 

0.887 

0.881 

0.897 

0.891 

0.895 

0.895 

0.899 

0.891 

0.890 

0.889 

0.895 

0.886 

0.889 

0.890 

0.894 

0.893 

0.880 

0.887 

0.882 

0.892 

0.876 

0.880 

0.867 

0.860 

0.712 

0.859 

0.883 

0.680 

0.762 
0.375 

0.882 

0.876 

0.886 

0.850 

0.828 

0.895 

0.852 

0.741 

0.846 

0.889 

0.877 

0.194 

0.159 

-0.002 

-0.001 

0.001 

0.006 

0.020 

0.011 

0.014 

0.009 

0.010 

0.016 

0.000 

0.032 

0.179 

0.042 

0.013 

0.211 

0.129 
0.517 

0.026 

0.011 

-0.005 

0.047 

0.063 

0 

0.043 

0.158 

0.045 

0.001 

0.012 

0.701 

0.727 
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A30 

A4 2 

A4 3 

A29 

A3 6 

A3 9 

A3 7 

A51 

A2 7 

B17 

B 1 8  

B19 

B12 

B16 

B13 

B15 

B20 

B 3 1  

B91 

I353 

B29 

B80 

B59 

B23 

B34 

B64 

B10 

B54 

B60 

B14 

B38 

16 

16  

16 

16  

16  

0 

0 

16  

16 

2 

2 

2 

2 

2 

4 

4 

8 

14 

16 

16 

16  

16 

16  

16  

16 

16  

16 

16 

16 

16 

16  

Pro ton  I n t e g r a t e d  Sample S o l a r  Specular  Change i n  
Energy Flux Temper a t  u r  e Reflectance(RS) Ref l ec t ance  
(kev) (Pro tons-cm-2) ("C) Before A f t e r  (- ARs) 

Sample 
No. 

0.894 0.363 0.531 50 17  1 x 10 

50 0.936 .Rad Data Bad Data 
50 0.905 0.111 0.794 

17  

17  
2 x 10 

2 x 10 
1 7  

16 
2 x 10 

5 x 10 

0 

0 

5 x 10 

5 x 10  

1 x 1 0  

1 x 10 

16 

16 

15  

15  

1 
15 5 x 10 

5 x 

5 x 10 

5 x 10 

5 x 1 0  

1 x 10 

5 x 10 

5 x 10 

5 x 10 

1 x 10 

1 x 10 

1 x 10 

2 x 10 

2 x 10 

2 x 10 

5 x 10 

5 x 

5 x 10 

1 x 1 0  

15  

16 

16 

1 7  

16 

16 

16 

1 7  

17 

17 

1 7  

17 

17 

16 

16 

17 

50 

100 

80  

80 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-195 

-195 

-195 

-195 

-195 

-195 

-195 

-195 

-195 

0 

0 

0 

0 
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0.897 

0.890 

0.897 

0.897 

0.891 

0.902 

0.868 

0.865 

0.874 

0.873 

0.870 

0.868 

0.873 

0.876 

0.866 

0.869 

0.865 

0.866 

0.870 

0.863 

0.863 

0.872 

0.870 

0.871 

0.868 

0.871 

0.865 

0.864 

0.065 

0.120 

0.757 

0.613 

0.712 

0.883 

0.867 

0.864 

0.867 

0.866 

0.856 

0.859 

0.866 

0.857 

0.833 

0.830 

0.796 

0.851 

0.800 

0.786 

0.827 

0.717 

0.670 

0.712 

0.858 

0.827 

0.842 

0.844 

0.832 

0.770 

0.140 

0.284 

0.179 

0.019 

0.001 

0.001 
0.007 

0.007 

0.014 

0.007 

0.007 

0.019 

0.033 

0.039 

0.069 

0.015 

0.070 

0.077 

0.036 

0.155 

0.200 

0.159 

0.010 

0.044 

0.023 

0.020 
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Pro ton  I n t e g r a t e d  Sample S o l a r  Specular  Change i n  
Energy Flux T emp era t u r  e Reflectance(RS) Ref lec tance  
(keW (Protons-cm-2) ("C) Before Af t e r  (- ARs) 

No .  

B75 
B76 
B28 

B37 
B35 
B11 
B24 
B47 
B48 

B22 
B26 

B27 
B30 

B32 

C14 
C16 

C17 

C18 
c4 
c7 
c10 
C6 

C8 

C71 

c44 
C28 

c55 
c53 

16 
16 

16 
16 
16 

16 
16 

16 
16 

16 
16 

16 
16 
0 

2 

2 
2 

2 

2 
2 

2 
4 

8 
16 

16 
16 

16 
16 

B81 16 

B21 16 
B33 p 1 6  

17 
17 

1 x 10 

1 x 10  

1 
16 
16 

5 x 10 
5 x 10 
5 x 

1 x 10 

1 x 10 

1 x 10 
2 x 10 
2 x 10 

17 

17 
17 

17 
17 

2 

2 

2 

1 

1 

1 x 1O1j 

17 2 x 10 

17 2 x 10 

0 

15 
15 
16 

17 

1 x 10 

5 x 10 
5 x 10 
1 x 10 
5 x 
5 x 10l6 

16 
16 
16 

17 
17 

5 x 10 
5 x 10 
5 x 10 
1 x 10 

1 x 10 

0 

0 

0 

50 
50 
50 
50 

50 

50 
50 

0 
0 

0 
50 

50 

100 

100 
0 

0 

0 

0 

0 

0 

0 

0 

0 

-195 
-195 
-195 

-195 

-195 
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0.870 

0.870 
0.863 
0.863 
0.873 

0.871 
0.859 

0.868 

0.873 
0.871 

0.872 
0.866 

0.857 
0.871 

0.868 
0.869 

0.867 
0.892 

0.898 
0.892 

0.897 
0.890 
0.895 

0.892 
0.892 

0.883 
0.886 

0.892 
0.891 

0.892 

0.889 

0.812 

0.847 
0.842 

0.845 
0.835 

0.844 
0.843 
0.838 

0.810 
0.827 

0.761 
0.685 

0.339 
0.807 

0.829 
0.468 

0.749 
0.892 
0.893 

0.892 

0.895 
0.883 
0.889 

0.883 
0.890 

0.883 
0.889 
0.886 
0.886 

0.864 
0.885 

0.058 

0.023 
0.021 

0.018 
0.038 
0.027 
0.016 

0.030 

0.063 
0.044 

0.111 
9.181 

0.518 
0.064 

0.039 
0.401 
0.118 

0 

0.005 
0 

0.002 
0.007 
0.006 

0,009 
0.002 

0 
-0,003 

0.006 
0.005 

0.028 

0.004 
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Pro ton  I n t e g r a t e d  Sample S o l a r  Specular  Change i n  
Energy Flux Temper a t  u r e  R e f l e c t  ance(RS) Ref lec tance  
(keV) (Protons-cm'2) 

Sample 
No. - ("a Before A f t e r  (- ARS) 

C24 16 1 x 10 -195 0.893 0.886 0.007 

676 16 2 -195 0.873 0.831 0.042 

C56 16 2 x 1 0  -195 0.890 0.871 0.019 

c22 16 2 x 10 -195 0.893 0.890 0.003 

C60 16  5 x 10 0 0.894 0.867 0.027 

1 7  

1 7  

1 7  

16  

16 

1 7  

1 7  

1 7  

1 7  

c9 1 6  5 x 10  0 0.889 0.888 0.001 

c59 16  1 x 10 0 0.894 0.890 0.004 

0.008 c54 16 1 x 10 0 0.894 0.886 

C36 16 1 x 10 0 0.894 0.887 0.007 

C26 16 1 x 10 0 0.888 0.887 0,001 

C31 16  1 0 0.896 0.888 0.008 

C40 16  2 x 10  0 0.892 0.880 0.012 

c3  9 16 2 x 10 0 0.897 0.884 0.013 

C27 16 2 x 10 0 0.885 0.865 0.020 

c35 16 5 x 10 50 0.894 0.809 0.085 

c57 16  5 x 10 100 0.891 0.883 0.008 

c47 16 5 x 10 100 0.891 0.887 0.004 

C2 9 16 5 x 10 100 0.894 0.892 0.002 

C72 16 1 x 10 100 0.856 0.878 -0.022 

C58 16 1 x 10 100 0.891 0.883 0.008 

C25 1 6  1 x 10 100 0.891 0.887 0.004 

c43 16  2 x 10  100 0.899 0.881 0.018 

c33 16 2 x 10 100 0.894 0.875 0.019 

C52 16 5 x 10  200 0.891 0.887 0.004 

C42 16  5 x 10 200 0.887 - - 
C30 16 5 x 10 200 0.894 0.884 0.010 

c45 16 1 x 10 200 0.888 0.892 -0.004 

C50 16 1 x 10 200 0.892 0.880 0.012 

c3  16 1 x 10 200 0.897 0.886 0.011 

1 7  

1 7  

1 7  

16 

16 

16 

16 

1 7  

17 

1 7  

1 7  

17  

16 

16 

16 

17 

1 7  

17 

- C48 16  2 x 10 17  200 0.895 - 
- - c4 9 16 2 x 10 200 0.892 1 7  

134 
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Proton Integrated Sample Solar Specular Change in 
Energy Flux Temperature 
(J.=V) (Protons-cm-2) ("C) Before After (- ARs) 

Reflectance(RS) Reflectance Sample 
No. 

c3 4 

c34 

D3 
D4 

D5 
D6 
D8 

D23 

D7 

D18 
D13 
D16 

D26 

D24 
D89 

D59 
D2 5 

D42 

D19 
D7 6 

D39 
D4 0 

D33 
D74 

D11 
D54 

D50 
D15 

D72 

16 
16 

2 
2 

2 

2 
2 

2 

4 
4 
8 
8 
28 

30 
16 

16 
16 

16 

16 
16 

16 
16 

16 
16 

16 
16 

16 

16 

16 
D14 16 

D20 16 

17 
17 

15 
15 

15 
15 
16 

17 
16 

17 
16 

17 

17 

17 
16 

16 
16 

17 
17 
17 
17 

17 
17 

2 x 10 
2 x 10 

1 x 10 

1 x 10 

1 x 10 
5 x 10 
5 x 10 

1 x 10 
5 x 10 

1 x 10 
5 x 10 

1 x 10 

1 x 10  

1 x 10 
5 x 10 

5 x 10 
5 x 10 

1 x 10 

1 x 10 
1 x 10 
2 x 10 
2 x 10 

2 x 10 
5 x 

5 x 10 
5 x 

1 x 10 

1 x 10 

16 

17 
17 

1 
17 

17 
1 x 10 

1 x 10 

200 
200 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-195 

-195 
-195 

-195 
-195 

-195 
-195 
-195 

-195 
0 

0 

0 

0 

0 

0 

0 

0 
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0.897 

0.897 

0.591 
0.608 

0.722 
0.578 
0.523 

0.715 
0.678 

0.751 
0.575 

0.728 
0.635 

0.616 
0.767 

0.787 
0.616 

0.786 
0.532 
0.761 

0.789 

0.796 

0.783 
0.765 

0.464 
0.780 

0.785 
0.769 

0.745 
0.607 

0.655 

0.888 

0.879 

0.605 
0.619 
0.719 
0.573 
0.506 

0.681 

0.668 

0.737 
0.509 
0.712 

0.494 
0.521 
0.762 

0.790 
0.592 
0.790 

0.522 

0.752 
0.783 

0.791 

0.755 
0.720 

0.421 
0.759 

0.759 
0.711 

0.719 
0.603 

0.655 

0.009 

0.018 

-0.014 
-0.011 

0.003 
0.005 
0.017 
0.034 

0,010 

0.014 

0.074 

0.016 
0.141 
0.095 
0.005 

-0.003 

0.024 
-0.004 

0.010 

0.009 
0.006 

0.005 

0.028 
0.045 

0.043 
0.021 

0.026 

0.058 

0.026 
0.004 

0 
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Proton I n t e g r a t e d  Sample S o l a r  Specular  Change i n  
Energy Flux Temp era t u r  e Ref lec tance  (Rs) Ref lec tance  

Sample 

(kern (Protons-cm-2) ("C) Before A f t e r  (- ARC1 
No 

D4 7 

D2 1 

D43 

D58 

D37 

04 6 

D56 

D 3  1 

D57 

D30 

D27 

D 3  8 

D52 

D29 

D75 

D49 

D4 5 

D32 

D48 

D60 

D28 

D17A 

D29A 

D26A 

E25 

E26 

E28 

E4 

E24 

E6 

E l  

1 6  

16  

16 

1 6  

1 6  

16  

16  

16 

16  

16  

16  

16 

16  

1 6  

16  

16  

16 

16 

1 6  

16  

16  

16 

1 6  

16  

16  

16  

16  

16  

1 6  

16  

1 6  

17 

17 

17  

16  

16  

16  

17 

17  

17 

2 x 10 

2 x 10 

2 x 10 

5 x 10 

5 x 10  

5 x 10 

1 x 10 
1 x 10 

1 x 10 
2 

17 

17 
2 x 10 

2 x 10 

5 x 

5 x 10 

5 x 10 

1 x 10 

1 x 10 

1 x 10 

2 x 10  

2 x 10 

2'x 10 

5 x 10 

1 x 10 

2 x 10  

5 x 10 

5 x 10 

5 x 10 

1 x 10 

1 x 10 
2 x 10  

2 x 10  

16  

16  

17 

17 

17 

17 

17 

17 

16  

17  

17  

1 6  

1 6  

16  

17 

17  

17  

17 

0 

0 

0 

100 

100 

100 

100 

100 

100 

100 

100 

100 

200 

200 

200 

200 

200 

200 

200 

200 

200 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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0.787 

0.676 

0.777 

0.758 

0.758 

0.781 

0.774 

0.791 

0.778 

0.468 

0.763 

0.799 

0.763 

0.745 

0.754 

0.780 

0.776 

0.786 

0.781 

0.784 

0.538 

0.802 

0.733 

0.730 

0.748 

0.771 

0.763 

0.772 

0.758 

0.760 

0.767 

0.759 

0.593 

0.748 

0.742 

0.742 

0.760 

0.740 

0.761 

0.749 

0.421 

0.717 

0.755 

0.745 

0.733 

0.731 

0.761 

0.745 

0.757 

0.737 

0.740 

0.494 

0.778 

0.705 

0.675 

0.747 

0.771 

0.765 

0.751 

0.749 

0.727 

0.751 

0.028 

0.083 

0.029 

0.016 

0.016 

0.021 

0.034 

0.030 

0.029 

0.047 

0.046 

0.044 

0.018 

0.012 

0.023 

0.019 

0.031 

0.029 

0.044 

0.044 

0.042 

0.024 

0.028 

0.055 

0.001 

0 

-0.002 

0.021 

0 * 009 

0.033 

0.016 
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Proton Integrated Sample Solar Specular Change in 
Energy Flux Temperature Reflectance(RS) Reflectance 
(keV) (Protons-cm-2) 

Sample 

("0 Before After (- AR~) No. 

E2 

F1 

F3 
F11 

F4 
F13 

F14 
F7 

F2 

F9 

G2 

G5 

G9 
G1 

G6 

G7 
G3 

G8 
G20 

G21 

G32 
G37 

G18 
G33 

G34 
G22 

G23 
G35 
G15 

G50 

16 

16 

16 
16 

16 
16 

16 
16 

16 

16 

16 

16 
16 

16 

16 
16 

16 

16 
16 

16 

16 
16 

16 
16 

16 

16 

16 
16 
16 

16 

17 2 x 10 

5 x 

5 x 10 
5 x 

1 x 10 
1 x 10 

1 x 10 
2 x 10 

2 x 10 

2 x 10 

5 x 10 

5 x 10 
5 x 10 

1 x 10 

1 x 10 
1 x 10 

2 x 10 

16 

17 

17 

17 
17 

17 
17 

16 
16 

16 

17 
17 

17 
17 

2 
17 
16 

16 

16 

17 
17 

17 
17 

17 
17 
16 

16 

2 x 10 

5 x 10 
5 x 10 

5 x 10 

1 x 10 
1 x 10 
1 x 10 
2 x 10 

2 x 10 
2 x 10 
5 x 10 

5 x 10 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

40 
40 
40 
40 
40 
40 
40 
40 

40 
-195 

-195 
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0.756 

0.781 

0.756 
0.747 

0.761 
0.756 

0.750 
0.754 

0.762 

0.748 

0.838 

0.838 
0.838 

0.838 

0.838 
0.838 

0.838 
0.838 

0.838 

0.838 
0.838 
0.838 

0.838 
0.838 

0.838 
0.838 

0.838 
0.838 
0.837 

0.827 

0.738 

0.792 

0.766 

0.772 
0.772 

0.769 
0.769 
0.738 
0.740 

0.752 

0.795 
0.804 
0.802 

0.793 
0.805 

0.786 
0.789 
0.801 

0.792 

0.799 

0.809 
0.783 

0.788 

0.794 
0.814 
0.787 

0.778 

0.781 
0.843 

0.831 

0 018 

-0 * 011 

-0.010 
-0.025 

-0 * 011 
-0.013 

-0.019 
0.016 

0.022 
-0.004 

0.043 

0.024 
0.039 

0.045 
0.033 

0.052 
0.049 

0.037 

0.046 
0.039 

0.029 
0.055 

0.038 
0.044 
0.022 
0.051 

0.060 
0.057 
-0.006 
-0.004 
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Proton  I n t e g r a t e d  Sample S o l a r  Specular  Change i n  
Energy Flux Temp er a t  u r  e Ref lec tance  (Rs) Ref lec tance  Sample 

(Pro tons-cm-2) ("a Before A f t e r  (- ARs) 
No. 

G26 16 1 x 10 -195 0.828 0.822 0.006 

G39 16  1 x 10  -195 0.828 0.820 0.008 

G4 0 16  1 x 10 -195 0.829 0.816 0.013 

G38 16 2 -195 0.838 0.803 0.035 

G4 16  2 x 10 -195 0.828 0.823 0.005 

G10 16 2 x 10 -195 0.830 0.828 0.002 

1 7  

17 

1 7  

1 7  

17 

I r r a d i a t e d  at 30 degrees  from normal 

I r r a d i a t e d  a t  60 degrees  from normal 
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ABSTRACT 

The effects of proton and ultraviolet radiation on the specular and diffuse 
reflectance of stretch -formed aluminum, electroformed ni cke I and magnesium 
substrate solar mirrors were studied in  high vacuum at temperatures from 495O 
to 2OO0C and energies from 2 to 30 keV. Ultraviolet exposures were varied up 
to one equivalent year i n  space. The reflective surfaces were vacuum deposited 
AI, which in  some cases were overcoated with Si203 or Si02. The most severe 
mechanism of radiation-induced degradation was found to be proton blistering. 
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